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Abstract

NanoArmoring of Enzymes in Ordinary Paper
Caterina M. Riccardi
University of Connecticut, 2018

This dissertation focuses on the development of a simple, efficient, and versatile
method for enzyme stabilization and extends it into a universal approach for stabilization
of enzymes on solid porous supports such as cellulose so that they can be used to
produce novel enzyme biomaterials for advanced biocatalysis and biosensing
applications. The novelty of this work is in the development of a universal and simple
method for the stabilization of any enzyme, which is currently not available. Many
enzyme conjugation methods are either enzyme-specific, or they require complex
chemistries that significantly inactivate the enzyme.
Enzymes were first conjugated to the polymer poly(acrylic acid) (PAA).
Carbodiimide chemistry was used for all crosslinking purposes, where the primary
amines from enzymes were conjugated to carboxylic acids on PAA. The PAA “armors”
the enzyme and restricts the conformational entropy of the enzyme’s structure, thus
making it difficult for the enzyme to denature or become inactivated by proteases and
inhibitors. The studies provide a powerful tool for the development of novel enzymePAA based conjugates with enhanced stability.
We also developed a simple and inexpensive method for the immobilization of
enzymes in filter paper. We crosslinked enzyme with PAA in filter paper, and found that
the enzyme-polymer conjugate forms around the fibers of the paper. The resulting
enzyme-PAA conjugate remained ‘locked-in’ place, and the enzymes were not washed
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off when immersed in a solution. Additionally, these enzymes were protected by the
PAA, thus providing a useful tool for the development of stable paper-based enzyme
devices for use at room temperature, which can be washed with full recovery of
enzyme.
We also designed an approach with bovine serum albumin (BSA) as an
alternative to PAA, interlocking it with enzymes in a one-pot two-layer approach. In our
design, BSA passivates the surface of cellulose, while at the same time providing
attachment groups for subsequent chemical modification in a second layer. Thus, this
one-pot two-layer method provides enzymes with enhanced stability, increased
recyclability, and high retention in activity. These approaches provide powerful tools for
creating novel enzyme-based paper devices that require enhanced stability at room
temperature.
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Chapter 1: Introduction

Enzymes are nature’s workhorses. These complex enzymes have a wide variety
of essential roles in nature, including catalyzing reactions, transporting molecules, and
DNA replication. Many studies in recent years have taken advantage of the specific
properties of enzymes in order to design new materials. There are many advantages of
using an enzyme as the basis for a specific material: enzymes are highly specific to
their substrates, they are biodegradable, and they have many functional groups on their
surface that can be chemically modified to tune the enzyme’s specific interactions.1
Enzymes are capable of catalyzing reactions in a more economical and green synthesis
compared to traditional organic synthesis reactions, and they have high activities and
yields in their products. Enzymes however, are often limited in their industrial and
practical applications because of their intrinsically unstable properties – they are only
stable in their physiological conditions such as pH and temperature, and their poor
recyclability and operational stability also limits their practical application.
There are several methods for nanoarmoring enzymes, such as encapsulation of
enzymes in nanoparticles, incorporation in metal-organic frameworks, modification of
enzymes with polymers, or immobilization in organosilica are just a few examples
(Scheme 1.1). All these approaches are a testament to the effort to harness the unique
ability of enzymes to catalyze reactions with high efficiency, while at the same time
maintaining enzymatic stability and activity.
A simple method for stabilizing enzymes both in solution and on porous supports
such as cellulose is the focus of this dissertation. The first part of this dissertation
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involves the conjugation of the polymer poly(acrylic acid) (PAA, molecular weight 8000
Da) to enzymes such as catalase, glucose oxidase, and horseradish peroxidase. The
PAA covalently linked to the enzymes results in a highly stable enzyme-PAA conjugate
that is resistant to denaturing. This enzyme-PAA conjugate was then used in filter
paper, where PAA functions as a multi-functional tether to interlock the enzyme
molecules around the paper fibers so that the enzymes are protected against
thermal/chemical denaturation and not released from the paper when washed with a
detergent.

The decreased conformational entropy of the interlocked conjugated

enzyme protected by the “NanoArmor” PAA is likely responsible for increased enzyme
stability to heat and chemical denaturants and the polymer protects the enzyme against
inactivation by aggregation, proteases, bacteria, and inhibitors.2
This novel methodology provides a low-cost, simple, modular approach of
achieving high enzyme loadings in ordinary filter paper, not limited by cellulose surface
area, and there has been no need for complex methods of enzyme engineering or toxic
methods of activation of the solid support to prepare highly active biocatalysts.
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Scheme 1.1
Stabilization of the enzymes by several different methods reported in literature. E and F
will be the focus of this dissertation.
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1.1 The Polymer: Poly(Acrylic Acid)
Poly(acrylic acid) (PAA, molecular weight = 8,000, PDI=1.5-2.0) is a negatively
charged,3 flexible, hydrophilic polymer,4 which is commercially available in large
quantities.5 For the majority of the studies reported in this dissertation, the molecular
weight was held constant.
Conjugation of enzymes to poly(acrylic acid) drastically improves enzyme
stability against thermal and proteolytic degradation,6,7 and these conjugates are useful
for paper-based enzyme devices.
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1.2 The need for NanoArmoring of Enzymes
The stabilization of enzymes against inactivation is a major challenge that often
limits their application in the laboratory or industry. There are many methods for
enzyme-polymer conjugation, and one such method is the wrapping of the enzyme with
a long chain synthetic polymer, which can enhance enzyme stability by lowering its
conformational entropy.
Stabilizing the enzyme while also maintaining enzyme activity is possible by
recognizing the thermodynamics of enzyme denaturation. The native (N, folded) and
denatured (D, unfolded) states are thermodynamically related via the free energy
changes. In order to retain enzyme function under harsh conditions, the native state
must be maintained and the transition from native to denatured state must be inhibited.
In this method, the free energy of the denatured state is increased (destabilized) and
the free energy of the native state is lowered (stabilized) (Scheme 1.2, left). In order to
increase the free energy of the denatured state, its conformational entropy is reduced
by wrapping the enzyme with a synthetic polymer (Scheme 1.2, right). In our case,
poly(acrylic acid) is used to wrap the enzyme and curtail the number of conformational
states that the denatured state can achieve. The restricted conformational space of the
denatured state is therefore, lower in free energy than a complete random coil. This is
called the ‘entropy control’ method, which has been successfully used in our laboratory
to improve enzyme stability.8,9
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Scheme 1.2
Stabilization of the Native State and Destabilization of the Denatured State by (A)
increasing the free energy of denaturation after conjugation to PAA which thereby (B)
decreases the entropy for denaturation.
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The many available amine groups on enzymes provide a multi-point attachment
by covalent linking to the polymer’s carboxylic acid groups, and the covalent conjugation
is readily achieved with the standard 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide
(EDC) chemistry, under mild conditions at room temperature. Wrapping of the enzyme
with the polymer ‘armors’ the enzyme in its native conformation, and increases the
energy needed to unfold the enzyme. At the same time, the highly charged nature of the
polymer prevents enzyme aggregation over time, so the enzyme remains active. A
similar strategy can also be designed with a cationic polymer such as poly(L-Lysine)
and its amine side chains can be attached to the COOH groups on most enzymes using
the carbodiimide chemistry. Because of the polymer’s net charge, it is also known to
protect the enzyme from proteolytic degradation and inhibit inhibition by inhibitors that
have the same charge as the polymer. These nano-armored enzymes can now function
even under unfavorable conditions when compared to the unmodified enzyme, at a
minimal cost, low toxicity, while also maintaining excellent activity but enhanced
stability.
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Chapter 2. “Stable-on-the-Table” Enzymes: Improving Key
Properties of Catalase by Conjugation to Poly(Acrylic Acid)
2.1 Abstract
Several key properties of catalase such as thermal stability, resistance to
protease degradation, and resistance to ascorbate inhibition were improved, while
retaining its structure and activity, by conjugation to poly(acrylic acid) (PAA, Mw 8000)
via carbodiimide chemistry with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC).
Catalase conjugation was examined at three different pH values (pH 5.0, 6.0 and 7.0)
and at three distinct mole ratios (1:100, 1:500 and 1:1000) of catalase to PAA at each
reaction pH. The corresponding products are labeled as Cat-PAA(x)-y, where x is the
protein to polymer mole ratio and y is the pH used for the synthesis. All samples were
completely water-soluble and formed nanogels, as evidenced by gel electrophoresis
and electron microscopy. The UV circular dichroism (CD) spectra indicated retention of
protein secondary structure for all samples, which increased to 100% with increasing pH
of the synthesis and polymer mole fraction. Soret CD bands of all samples indicated
loss of about 50% of their band intensities, independent of the reaction pH. Catalytic
activities of the conjugates increased with increasing synthesis pH, where 55-80% and
90-100% activity was retained for all samples synthesized at pH 5.0 and pH 7.0,
respectively. All conjugates synthesized at pH 7.0 were thermally stable even when
heated to ~85-90 ˚C, while native catalase denatured between 55-65 ˚C.

This

increased stability was not limited to its thermal stability but also improved the storage
stability of the enzyme. All conjugates retained 40-90% of their original activities even
after storing for 10 weeks at 8 ˚C, while unmodified catalase quickly lost all of its activity
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within two weeks, under similar storage conditions. The nanogel structure surrounding
the enzyme is expected to limit access to the embedded enzyme by large molecules
like proteases, and enhance resistance to peptidase digestion. Resistance to trypsin
digestion increased by 2.5-fold when compared to that of unmodified catalase. The
negatively charged polymer surrounding the enzyme in these conjugates also expected
to be protected against inhibition by negatively charged inhibitors such as ascorbate.
While unmodified catalase lost ~70% of its activity in the presence of 270 µM ascorbate,
the Cat-PAA(100)-7 did not show any inhibition by ascorbate under the same
conditions.

This simple, facile and rational methodology produced thermostable,

storable catalase that is also protected from protease digestion or ascorbate inhibition.
Using synthetic polymers to protect and improve enzyme properties could be an
attractive approach for making ‘Stable-on-the-Table’ enzymes, as a viable alternative to
protein engineering.
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2.2 Introduction
In our quest to establish robust alternatives to protein engineering and enhance
the physical, chemical and biochemical properties of enzymes,7,8,10,11 we evaluated the
influence of covalent conjugation of catalase with poly(acrylic acid) and examined
thermal stability, long-term storage, and resistance to ascorbate inhibition and
degradation by trypsin (Scheme 2.1). Our hypothesis was that (1) covalent entrapment
of an enzyme (red protein cartoon) within a polyelectrolyte matrix (PAA, blue squiggle
lines) by covalent amide-bond crosslinking (green rigid lines) would improve its thermal
stability due to stratification of the protein structure by the polymer as a direct result of a
reduction in enzyme conformational entropy, (2) the polymer shroud around the enzyme
was expected to protect it from bacterial attack or protease-degradation by preventing
direct access to the peptide backbone of the enzyme and (3) the negative charge field
of the poly(acrylic acid) surrounding the enzyme would also repel anionic inhibitors and
endow the enzyme considerable protection. These ideas were tested using catalase as
a model enzyme, a commercially important enzyme12 with a very high turnover number.
Catalase is an anti-oxidant13 and converts hydrogen peroxide to water and molecular
oxygen with a high rate and specificity.14
Protein-polymer conjugates are often prepared by site selective methods in
which telechelic end groups of polymers are used as functional groups for covalent
attachment to a specific site on the protein. This chemistry, however, does not allow for
conjugation of more than one polymer chain per protein, either by multiple attachments
on a protein or multiple sites on the polymer. Attachment of multiple polymer chains
onto a protein through multiple sites on both protein and the polymer by non-specific but
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controlled conjugation methods may result in products with different properties than
those obtained from site-specific attachment or attachment at a few sites. Additionally,
random, non-specific conjugation chemistry is readily scalable, which will be costeffective for practical applications. The synthetic polymer could play a key role in
regulating the transport of small molecules into or out of the nanogel, and is expected to
be biologically stable while providing a shroud of protection. In keeping with these
ideas, we report here a non-specific, controlled, random conjugation via EDC chemistry
that produces Cat-PAA conjugates that can be stored long-term, have high thermal
stabilities, and are exceptionally resistant to proteases and ascorbate inhibition.
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Scheme 2.1
Increased stability of the catalase-PAA conjugate against inactivation by heat,
proteases such as trypsin, or negatively charged inhibitors such as ascorbate.
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2.2.1 Enzyme: Catalase
Catalase (Chart 2.1) is used extensively in textile industry to remove toxic
bleaching effluents and improve water recyclability.15 These applications, however, are
severely limited by catalase’s poor thermal and storage stabilities, dissociation of its
subunits16 and sensitivity to proteases, bacteria, and inhibitors such as ascorbate or
fluoride.17 For example, it has a short half-life of only 6.7 hours at 50 °C18 or 2 weeks at
4 ˚C.19,20 Conjugation to PAA may help prevent the dissociation of catalase21 and
protect it from bacterial and proteolytic attack. The physical coating of PAA onto
catalase can be sufficient in cases where catalase needs to be separated from PAA, but
is subject to dilution and can dissociate and lose all enhanced effects. Stabilized
catalase is therefore valuable for practical applications, where improved stability can
lower operational costs.
There are some general methods to immobilize and stabilize catalase on
alumina15

and

polyelectrolytes22

by

non-covalent

interactions,

while

synthetic

polymers,23 silicates,24 and polysaccharides25 have been used for covalent conjugation
chemistries. Covalent conjugation of catalase with polymers via site-specific attachment,
in which certain protein residues are modified prior to attachment to the polymer, has
been reported.26–29 There is no information, however, on the effect of a support matrix or
the appended polymer on the thermal stability, storage stability, or long-term activities of
catalase.
In this dissertation, we have chosen to synthesize catalase-poly(acrylic acid)
bioconjugates to harness properties of both poly(acrylic acid) (PAA) and catalase. PAA
(Mw 8000) is a negatively charged3 polyelectrolyte that is hydrophilic, water soluble,4
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and commercially available in large quantities.5 PAA has one carboxyl group per
monomer, which is suitable for conjugation with lysine side-chains of proteins using
water-soluble carbodiimides.30 Catalase-PAA (Cat-PAA) conjugates were synthesized
by conjugation chemistry, and the influence of reaction pH and mole ratios of catalase
to PAA on the properties of the conjugate was evaluated (Scheme 2.2). Short/long-term
stability, thermal stability, and protection against proteases were also investigated, and
several Cat-PAA conjugates retained native-like structures and activities while also
demonstrating significant improvement in these stabilities. Catalase activity is inhibited
by fluoride,31 azide,32 ascorbate,33 and copper(II).34 We show that anionic ascorbate
inhibition of the catalytic activity of Cat-PAA conjugate is dramatically reduced, while
that of cationic copper(II) is enhanced. A number of evidences are presented here to
show that key properties of catalase can be improved by covalent conjugation with the
anionic PAA.
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A

B

pI

5.4

Zeta
Potential -5.0
(mV) at pH 7.4
Molecular
Weight (kDa)

256

Total Residues

2,068

Total
Lysine 108
Residues
Chart 2.1
Properties of catalase such as (A) three-dimensional crystal structure of catalase, with
each color representing each of the 4 subunits. (B) Negatively-and positively charged
residues are colored in red and blue, and other properties listed on the right side.
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2.2.2 Nomenclature
For clarity, each sample was labeled in terms of the mole ratio of protein to
polymer and the pH of the reaction conditions. For example, Cat-PAA(100)-6 referred to
the conjugate (indicated by a dash - ) obtained from a mole ratio of protein to polymer of
1:100, reacted at pH 6.0. In control studies, the corresponding physical mixtures were
denoted with a slash (/), such as catalase/PAA(100)-6 or Cat/PAA(100)-6.
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2.3 Preparation of Catalase-PAA Conjugate
The influence of reaction conditions on covalent conjugation of catalase to PAA
and the resultant properties of the conjugate are presented here. Gel electrophoresis,
electron microscopy, optical spectroscopy, stability, peptidase digestion and inhibition
studies showed that high stabilities can be achieved while retaining native-like activity
and structure.
2.3.1 Materials
Catalase (bovine liver) and trypsin (bovine pancreas) and chymotrypsin (bovine
pancreas) were purchased from Worthington Biochemicals (Lakewood, NJ). 1-ethyl-3(3-dimethylaminopropyl) carbodiimide (EDC) was purchased from TCI America
(Portland, OR). Poly(acrylic acid) (PAA, 45 wt%, MW 8000), L-ascorbic acid, glycine,
picrylsulfonic acid solution (5%(w/v) in methanol), copper(II) nitrate trihydrate, and buffer
solids were purchased from Sigma (St. Louis, MO). Dialysis membrane (25 kDa
MWCO) was purchased from Spectrum Laboratories, Inc. (Rancho Dominguez, CA).
Biology grade agarose was purchased from Hoefer Inc. (Holliston, MA). Hydrogen
peroxide (H2O2 30%) was purchased from Fischer Scientific (Waltham, MA).
Absorption spectra were recorded on a HP8453 UV-visible spectrophotometer
(Agilent Technologies, Santa Clara, CA). Catalase concentration was determined using
the extinction coefficient at 280 nm, 420,000 M-1cm-1. Agarose gels were run in a
horizontal gel electrophoresis apparatus (Gibco Model 200, Life Technologies Inc.,
Grand Island, NY). Tecnai T12 instrument operating at an accelerating voltage of 120
kV was used to obtain TEM images. Nanogel sizes were confirmed using Precision
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Detectors CoolBatch+ dynamic light scattering (DLS) apparatus (Varian Inc., Santa
Clara, CA). Retention of secondary structure was found by measuring the circular
dichroism (CD) spectra with a JASCO model J715 spectropolarimeter (Easton, MD). All
data was plotted using Kaleidagraph V4.1.3.
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2.3.2 Synthesis of Catalase-PAA Conjugates
PAA was first treated with EDC to activate the carboxyl groups on the polymer
(Scheme 2.2, step i) and then reacted with catalase (Scheme 2.2, step ii) to form CatPAA conjugates. A mixture of Na2HPO4 buffer (200 mM, pH 5.0, 6.0, or 7.0) and PAA
(1.0, 5.0, or 10 mM), deionized water (DI water), and EDC (100 mM) were added
together in that order and stirred for 10 minutes. Catalase (10 µM) was then added
dropwise to prevent aggregation and then stirred for 4 hours at room temperature.
By tuning the pH, the net charge on PAA could be altered. The resulting reaction
mixture was dialyzed to remove byproducts and unreacted EDC-urea. Though catalase
has a net negative charge at pH 7.0,35 it is anisotropic with respect to charge, bearing
both positive and negative charge patches.36 These positive patches promote favorable
electrostatic interactions with anionic PAA. Excess EDC, PAA, and by-products were
dialyzed four times using a 25-kDa molecular weight cut off dialysis membrane. Each
sample has been centrifuged at 12,500 rpm for 2 minutes and filtered using a 0.22 µm
filter to remove invisible precipitates, if any.
Conjugation was carried out with increasing mole ratios of catalase:PAA (1:100,
1:500, or 1:1000) and at pH 5.0, 6.0, or 7.0 (Table 2.1 shows 1° amine in catalase:
carboxyl in polymer ratios) All conjugates and their physical mixtures were completely
water-soluble. Progress of the conjugation reaction was monitored by agarose gel
electrophoresis, as described further in this chapter.
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Scheme 2.2
Conjugation of the enzyme (catalase) to PAA (Mw = 8,000) by carbodiimide chemistry
using EDC.

Table 2.1
Reaction conditions for the synthesis of catalase-PAA conjugates from catalase (10 µM,
50 nmol), and EDC (100 mM, 95.8 mg, 500 µmol) in sodium dibasic phosphate buffer at
pH 5.0, 6.0, or 7.0.
Sample

	
  

[catalase]

[PAA]

(µM)

(mM)

Protein-PAA(100)

10

1

5 µmol

20

Protein-PAA(500)

10

5

25 µmol

20

Protein-PAA(1000)

10

10

50 µmol

20

20

Moles PAA

[Phosphate
Buffer] (mM)
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2.3.3 Evaluation of Enzyme Properties
Agarose gels were prepared by dissolving molecular biology grade agarose
(0.5% w/v) (Hoefer Inc., Holliston, MA) in a hot solution of Tris-Acetate (40 mM, pH 7.2).
The gels were run in a horizontal gel electrophoresis apparatus (Gibco Model 200, Life
Technologies Inc., Grand Island, NY) using Tris-Acetate (40 mM, pH same as that used
during sample synthesis) as the running buffer. Samples were loaded into the gel with
loading buffer (50 % v/v glycerol and 0.01% m/v bromophenol blue) and electrophoresis
carried out for 30 minutes at 100 V at room temperature. The gel was stained overnight
with 10% v/v acetic acid, 0.02% m/v Coomassie blue and then destained with 10% v/v
acetic acid for 4 hours.
Sodium dodecyl sulfate 12% separating with 5% stacking gels was used to verify
conjugation of the protein to the polymer. Samples were prepared by adding loading
buffer (10 µl, 2% SDS, 10% BME) to sample solutions and boiled for 2 minutes.
Samples were loaded so that each well contained 2 – 4 µg of protein per well. The gel
was run at 200 V constant in a Bio-Rad Mini-Protean Electrophoresis apparatus until the
dye front reached the bottom of the gel. The gel was placed in a 10% v/v acetic acid,
10% v/v isopropanol and 0.02% m/v Coomassie blue solution and microwaved for 1
min. The warm solution containing the gel was allowed to shake for 30 min. The final gel
was scanned using CannonScan LiDE200 scanner.
Transmission electron microscopy (TEM) was used to determine the morphology
of the conjugates and unmodified protein. A drop of each sample solution was
deposited on a copper grid covered with Fomvar film. Excess solution was blotted away
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with a piece of filter paper to leave a thin layer of solution on the grid. The sample was
left to dry in air, and then stained with Uranyl acetate for 30 minutes.
Nanogel sizes were confirmed using dynamic light scattering (DLS) with a 5 x 5
mm square cuvette, 658 nm excitation laser source with a 90° geometry for the
excitation and monitoring optics. Samples were routinely filtered with a 0.22-micron
filter prior to analysis to remove dust particles and any large aggregates.
Circular dichroism was used to confirm conjugate secondary structure. Scan
rates were 50 nm/min with a step resolution of 1 nm/data point. Ten scans were
averaged for each sample using either a 0.05 cm (UV) or 1 cm (soret) cuvette. All
spectra were normalized with respect to the concentrations of individual samples and
path length of cuvette used to collect the spectra. Spectra were normalized to 0
ellipticity at 260 and 460 nm. Relative percent retention of protein structure was
calculated by taking the ellipticity of each Cat-PAA conjugate (209, 220, and 380-390
nm), dividing by the ellipticity of unmodified catalase at the respective wavelength, and
then multiplying by 100.
To evaluate the extent of modification of primary amines, trinitrobenzene sulfonic
acid (TNBSA) assay was used from reported methods.37 TNBSA reacts with free
amines so that they can be easily quantified by absorbance. A calibration curve with
known concentrations of amino acid was used to create a calibration curve for TNBSA
absorbance with respect to primary amine concentration.
To determine the enzymatic activity of undialyzed samples, the decomposition of
hydrogen peroxide (H2O2) was followed from reported methods with a 96-well plate
reader (Flex Station 3 by Molecular Devices, LLC).38 A solution of catalase,
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catalase/PAA, or Cat-PAA (0.01 µM protein, 50 µL) was added to a mixture of H2O2
(200 µL, 5 mM) and sodium phosphate dibasic buffer (pH 7.0, 20 mM). The assay plate
was shaken slightly by the instrument before injection to establish a homogeneous
solution. A blank rate of H2O2 was established for 16 seconds before injecting catalase.
The disappearance of H2O2 was monitored at 240 nm with respect to time at room
temperature. The catalytic activities of samples were measured. Samples were stored
for 10 weeks at 8 °C in 20 mM Na2HPO4 buffer of the same pH as synthesis (5.0, 6.0, or
7.0).
The resistance of catalase to protease digestion via trypsin was determined from
reported methods, with minor modifications.39 A 1:1 volume ratio of catalase:trypsin
(7µM catalase, and 43.7µM trypsin stock solutions in 20 mM Na2HPO4 buffer, pH7.0) or
1:1 volume ratio of catalase:chymotrypsin(5 µM catalase, and 36 µM chymotrypsin in 20
mM Na2HPO4 buffer, pH7.0) were stirred at room temperature for 90 minutes. 400 µL
aliquots were removed from the reaction vial every 30 minutes and added to a solution
of Tris-acetate buffer (2 ml, 100 mM, pH 4.6) to quench the reaction. Relative
peroxidase activities were then measured for every aliquot in triplicate.
Enhanced thermal stabilities of the conjugates were evaluated by taking the
absorption spectra at 280 nm with increasing temperature at 5-second intervals. Each
sample (1 µM) was gradually heated from 25 to 90 °C over 20 minutes with stirring.
Temperature of the sample cell was measured directly by using a digital thermometer.
The interaction between negatively charged Cat-PAA conjugate and a negatively
charged inhibitor was established by measuring enzymatic activity in the presence of
ascorbate or copper(II). Molar ratios and effective inhibiting conditions were taken from
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previously reported methods.34 The enzymatic inhibition of catalase and dialyzed CatPAA(100)-7 was measured with respect to effective activity with and without ascorbate.
A solution of catalase (0.038 µM), ascorbate (270 µM), and Tris-Base buffer (0.5 µM,
pH 7.0) were prepared under ice. Control solution was prepared using the same
conditions without ascorbate. Inhibition by copper (II) was also assayed under similar
conditions, mixing catalase (0.038 µM) with copper(II) (200 µM).
All sample solutions were then incubated at ~37 °C with moderate stirring for 40
minutes. 200 µL aliquots were removed and assayed for peroxidase activity. Final
concentrations during enzymatic assay were catalase (0.01 µM), Tris-base buffer (50
mM, pH 7.0), and hydrogen peroxide (5 mM).
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2.4 Morphology and Structure of Catalase-PAA Conjugate
Because of the nature of the EDC chemistry being non-specific, it is important to
characterize the morphology of the resulting conjugates. We expect the conjugate to
increase in molecular weight due to the crosslinking of the enzyme to the high molecular
weight polymer, and also for the overall charge on the conjugate to become more
negative due to the presence of negatively charged carboxylic acid groups of the
polymer. We therefore characterized the morphology of the catalase-PAA conjugate by
gel electrophoresis, transmission electron microscopy, dynamic light scattering, circular
dichroism, and primary-amine quantification assays.
2.4.1 Verification of Complete Synthesis by Gel Electrophoresis
Covalent attachment of negatively charged PAA to catalase was expected to
increase the net charge of the system. This was reflected in the electrophoretic mobility
observed in agarose gel electrophoresis (Figure 2.1A). Mobility of Cat-PAA(100)-6,
Cat-PAA(500)-6 and Cat-PAA(1000)-6 (lanes 5-7, 10 µM protein) was greater than that
of catalase (lane 1) or the corresponding physical mixtures (lanes 2-4). There was no
difference in mobility between conjugates synthesized at pH 5.0, 6.0, or 7.0. (Figure
2.2). No unreacted catalase was observed in any of the product lanes, indicated
complete conversion of catalase to the conjugate Cat-PAA.
SDS PAGE was also used to confirm complete conversion of catalase to CatPAA (Figure 2.1B). It was expected that Cat-PAA would not move freely through the gel
because it was covalently attached to a long-chain polymer, stabilizing the four subunits
against dissociation.21,40 SDS PAGE of catalase (lane 2), Cat-PAA synthesized at pH
5.0, 6.0, and 7.0 and with mole ratios of catalase:PAA of 1:100, 1:500, and 1:1000
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(lanes 3-11), and standard weight markers (lane 1) is show in Figure 1B. Cat-PAA
conjugates appear as dark bands at the very top of the gel. Catalase had two major
bands above 67 kDa (lane 2, expected Mw of ~ 64 kDa).41 Cat-PAA(100)-5 and CatPAA(100)-6 (lanes 6 and 9) faintly demonstrated these bands, indicating that some
unreacted catalase remained. The ~ 64 kDa bands were absent in lanes 3-5, 7, 8, 10,
and 11, signifying a product with higher molecular weight and no unreacted catalase.
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A.

B.

Figure 2.1
(A) Agarose gel of the Cat-PAA-6 conjugates (lanes 5-7), corresponding controls of
catalase (lane 1, 10 µM), catalase/PAA mixtures (lanes 2-4), and (B) SDS PAGE of the
Cat-PAA conjugates synthesized at pH 7.0 (lanes 3-5), pH 6.0 (lanes 6-8), pH 5.0
(lanes 9-11), catalase (lane 2), and standard molecular weight marker (lane 1). All three
catalase:PAA ratios (1:100, 1:500, and 1:1000) are represented for each pH.
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B

Figure 2.2
(A) Agarose gel of the Cat-PAA-5 (lanes 2, 4, 6) and Cat-PAA-6 (lanes 3, 5, 7)
conjugates. Conjugates synthesized with the catalase to PAA 1:100 molar ratio (lanes 2
and 3), 1:500 (lanes 4 and 5), and 1:1000 (lanes 6 and 7) and control catalase (lane 1).
(B). Agarose gel of Cat-PAA(100)-7 (lane 2), Cat-PAA(500)-7 (lane 3), Cat-PAA(1000)-7
(lane 4), and catalase (lane 1). All contain 10 µM protein stained with loading buffer
(50% v/v glycerol and 0.01% m/v bromophenol blue. Electrophoresis was carried out for
30 minutes at 100 V, room temperature, with Tris-acetate as the running buffer (40 mM,
pH 6.0). Gel was stained overnight with acetic acid (10% v/v) and Coomassie blue
(0.2% m/v).
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Complete conjugation of catalase with PAA was therefore confirmed for all
catalase:PAA mole ratios by agarose gel electrophoresis and SDS PAGE. When
compared to catalase and the catalase/PAA physical mixtures, conjugates showed
increased mobility towards the cathode in the agarose gel experiments because of the
negative charge carried by the PAA chains attached to the protein. The physical
mixtures showed similar electrophoretic mobility to that of the catalase because physical
association between catalase and PAA was unfavorable or weak due to repulsions
between the negatively charged catalase and PAA. If any unconjugated catalase were
present in the product, we would expect to observe bands in the same position as in the
case of catalase. The disappearance of the catalase bands after addition of EDC,
coupled with the appearance of new bands, indicated complete conversion of catalase
to Cat-PAA conjugates. Because the estimated average pore size of the agarose gel
used here was 450 nm42 and that the conjugates moved substantially in the gels, we
suspected that these were likely to be smaller than 450 nm in size.
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2.4.2 Conjugate Morphology Determination by Scanning Electron Microscopy
The morphology and phase characteristics of Cat-PAA conjugates were analyzed
by examining TEM images. Conjugation of catalase to PAA gave rise to nanogels,
which appeared as dark protein clusters of variable shape and with sizes of 100-250 nm
in diameter (Figure 2.3 A-C, Cat-PAA(100)-7). These results agree with what was
observed in the gel electrophoresis studies. Unmodified catalase had discrete protein
clusters of uniform size that were approximately 20-30 nm in diameter (Figure 2.3 D).
An image of the bare chip did not indicate any nanogel structures (Figure 2.4).
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A

B

C

D

Figure 2.3
TEM of (A-B) Cat-PAA(100)-7 (0.01 µM, scale bar 100 nm magnification), and (C) CatPAA(100)-7 (0.01 µM, scale bar 200 nm, and (D) catalase (0.01 µM, scale bar 100 nm).
Samples were dialyzed, dried and then stained with Uranyl acetate for 30 minutes.
Courtesy of Omkar V. Zore.
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Figure 2.4
TEM of the bare chip in the absence of catalase or Cat-PAA(100)-7 conjugate, 100 nm
magnification. Courtesy of Omkar V. Zore.
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2.4.3 Conjugate Size Verification by Dynamic Light Scattering
The hydrodynamic radii of the conjugates were measured using dynamic light
scattering (DLS) (Table 2.2). The non-spherical particles observed by TEM were
expected to result in broad size distribution. The pH of synthesis and mole ratio of PAA
did not appear to influence the average size distribution. Average peak radii for all
conjugates were 80(±18) nm, 12(±3) nm, and 2.4(±0.7) nm. Unmodified catalase had a
bimodal distribution of 55(±0.9) nm and 6(±3) nm, as expected from prior reports.34
These results also agree with gel electrophoresis studies and TEM studies, which show
that the conjugates generally increase in size after conjugation to form nanogel
structures.
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Table 2.2
Average hydrodynamic radii of Cat-PAA conjugates and catalase
Sample
Catalase
Cat-PAA(100)-5
Cat-PAA(500)-5
Cat-PAA(1000)-5
Cat-PAA(100)-6
Cat-PAA(500)-6
Cat-PAA(1000)-6
Cat-PAA(100)-7
Cat-PAA(500)-7
Cat-PAA(1000)-7

A

Average Hydrodynamic Radius (nm)
Peak 1
Peak 2
Peak 3
55 (±0.9)
--6(±3)
70(±13)
9(±2)
3.0(±0.5)
92(±8)
11(±3)
1.7(±0.8)
70(±13)
13(±3)
2.4(±0.8)
80(±17)
13(±5)
3.2(±0.3)
80(±14)
12(±3)
2(±1)
90(±26)
15(±2)
2.0(±0.6)
80(±12)
13(±3)
4(±1.5)
90(±29)
12(±2)
1.7(±0.2)
100(±30)
12(±2)
1.7(±0.4)

B

Figure 2.5
DLS of (A) Cat-PAA(100)-6, and (B) unmodified catalase (0.5 µM catalase) in
phosphate buffer (pH 6.0, 20 mM). Nanogel sizes were confirmed using a 658 nm
excitation laser source. Samples were filtered with a 0.2-micron filter prior to analysis to
remove dust particles and any large aggregates.
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2.4.4 Structure Retention Verified by Circular Dichroism
Circular dichroism (CD) spectra of the conjugates were measured in the UV
(190-250 nm) and Soret (350-450 nm) regions to determine the secondary structure
retention (Figure 2.6A) and perturbation of the heme environment (Figure 2.6B),
respectively. Spectra of the conjugates (red, green, and blue lines) in 200-220 nm were
all nearly identical to that of catalase (black line), with over 95% of structure retention.
These observations were in agreement with previous reports.7
Soret CD bands are sensitive to the protein structure, particularly around the
heme-binding site. The band minima for each Cat-PAA conjugate synthesized at pH 6.0
was red-shifted by 3 nm when compared to that of unmodified catalase (Figure 2.6B).
The depth of the minimum decreased by ~ 50-60% for the three conjugates synthesized
at pH 6.0, with greater retention at lower PAA concentrations. Soret CD for conjugates
synthesized at pH 5.0 was similar to observations at pH 6.0, with ~ 45-55% structure
retention (Figure 2.7). Conjugates synthesized at pH 7.0 were therefore expected to
show similar trends. Protein structure retentions are compared in Chart 2.3. All three
conjugates synthesized at pH 6.0 had equivalent structure retention and the
corresponding values are listed in Chart 2.3.
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B

Figure 2.6
(A) UV CD of Cat-PAA(100)-6 (red), Cat-PAA(500)-6 (green), Cat-PAA(1000)-6 (blue),
and unmodified catalase (black) in phosphate buffer (pH 6.0, 20 mM). Baseline is
shown as the dashed gray line. (B) Soret CD of the samples as in panel A in phosphate
buffer (pH 6.0, 20 mM).

Figure 2.7
Soret CD for Cat-PAA(100)-5 (red), Cat-PAA(500)-5 (green), and Cat-PAA(1000)-5
(blue) in phosphate buffer (pH 5.0, 2 mM). All spectra were normalized with respect to
their corresponding protein concentration (10 µM) and path length (1 cm). Spectra were
normalized to 0 ellipticity at 460 nm.
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Retention of Protein Structure (%)
Wavelength:

209

220

390

nm

nm

nm

Cat-PAA(100)-5

54.44

Cat-PAA(500)-5

53.15

Cat-PAA(1000)-5

46.08

Cat-PAA(100)-6

104.00

96.09

57.68

Cat-PAA(500)-6

96.24

92.44

52.68

Cat-PAA(1000)-6

97.82

100.88

48.15

Chart 2.3
Percent retention of catalase structure after conjugation. Ellipticities were recorded at
209, 220, and 390 nm. Samples were prepared in phosphate buffer (pH 5.0 and 6.0, 10
mM) and protein concentrations were 1 µM (209 and 220 nm, 0.05 cm cuvette) and 10
µM (390 nm, 1 cm cuvette). Percent retention was calculated relative to the ellipticity of
unmodified catalase.
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2.4.5 Quantitation of Primary Amines Reacted by EDC and PAA
The

number

of

reactive

amine

groups

was

determined

using

2,4,6-

trinitrobenzene sulfonic acid (TNBSA) according to reported methods.37 A calibration
curve of free primary amine was constructed using glycine as a source of primary
amines (1, 3, 5, 7, 10 µM) (Figure 2.8A). The same assay was repeated using CatPAA(100)-7, Cat-PAA(500)-7, Cat-PAA(1000)-7, and catalase/PAA(100) and catalase
controls (Figure 2.8B), and the number of reactive lysines was calculated using the
equation from the glycine calibration plot. Approximate number of reactive lysines for
Cat-PAA(100)-7, Cat-PAA(500)-7, and Cat-PAA(1000)-7 and unmodified catalase were
3.2(±0.8), 2.8(±0.1), 3.9(±0.1), and 10.6(±0.5) respectively.
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A

B

Figure 2.8
(A) Absorbance standard calibration curve of glycine (primary amine) at 1, 3, 5, 7, and
10 µM treated with TNBS. (B) TNBSA assay of reactive primary amine content of CatPAA conjugates synthesized at pH 7.0, and catalase and catalase/PAA(100)-7 control.
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2.5 Stability of Catalase-PAA Conjugate
In order to determine the relative stabilities of the various catalase-PAA
conjugates, activity assays, temperature studies, inhibition studies, and tryptic digestion
studies were done to evaluate the change in activity relative to freshly-synthesized
conjugates and relative to unmodified catalase enzyme before conjugation to PAA.
2.5.1 Retention of Enzymatic Activity
To determine whether PAA adversely affected the functional properties of
catalase, activities of Cat-PAA conjugates were measured and compared with
unmodified catalase. The decomposition of H2O2 (substrate) by the protein was followed
by monitoring the decrease in substrate absorbance at 240 nm as a function of time
(Figure 2.9A). Cat-PAA(100)-6 (red line) showed a slightly decreased initial activity
compared to unmodified catalase (black line) and that of the catalase/PAA(100)-6 (pink
line) physical mixture.
Specific activities were calculated by measuring the initial rates from the linear
portions of the kinetic traces. The rates were then normalized against the specific
activity of unmodified catalase to obtain relative activity. Relative activities of all CatPAA conjugates, measured in triplicates with <10% error, are compared with that of
catalase in Figure 2.9B. Relative initial activities for the conjugates synthesized at pH
5.0 ranged from ~ 55 – 80% with increasing concentration of PAA. The activities of the
samples synthesized at pH 6.0 and pH 7.0 ranged from ~ 60 – 90%. Overall, conjugates
synthesized at pH 7.0 had the highest activity with least variability.
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Figure 2.9
(A) Activities of Cat-PAA(100)-6 conjugate (red solid line), and catalase (black line) and
catalase/PAA(100)-6 (pink dashed line) controls. For the assay, catalase sample (0.01
µM) was added to a mixture of H2O2 (5 mM) and sodium phosphate buffer (20 mM, pH
6.0). The disappearance of H2O2 was monitored at 240 nm with respect to time at room
temperature. (B) Relative activities of Cat-PAA conjugates (0.01 µM catalase) as
marked. A solution of H2O2 (5 mM) was added in phosphate buffer (pH 7.0, 20 mM) and
the disappearance of H2O2 was monitored at 240 nm by UV spectrometry, at room
temperature.
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Of course, it is important to check whether the enzymatic parameters such as Km
or Vmax are significantly changed by the conjugation of PAA to the outer surface of
catalase. Perhaps the affinity of the substrate has changed because of small
conformational changes to or hindrance of access to the enzyme active site by the
substrate.

Changes in the Km and Vmax of the Cat-PAA(100)-7 conjugate, and

catalase/PAA(100)-7 control were analyzed (Figure 2.10). A Lineweaver-Burk plot was
constructed using 5, 10, 20, 30, and 40 mM hydrogen peroxide and 0.010 µM catalase.
Km and Vmax values were determined to be 57.4 mM and 0.0106 s-1 for Cat-PAA(100)-7,
100.3 mM and 0.0162 s-1 for catalase/PAA(100)-7, and 44.8 mM and 0.0106 s-1 for
unmodified catalase, respectively. Thus, both covalent and noncovalent association with
PAA decreased the affinity of catalase for H2O2. Covalent conjugation, however, did not
significantly impact Vmax or the turnover number.
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Figure 2.10
Lineweaver burke plot of Cat-PAA(100)-7 (red line), Cat/PAA(100)-7 (pink line), and
catalase (black line). Activities were assayed using 5, 10, 20, 30, 40 mM hydrogen
peroxide, 0.01 µM catalase, and sodium phosphate buffer (20 mM, pH 6.0). The
disappearance of H2O2 was monitored at 240 nm with respect to time at room
temperature. Reported Km and Vmax values are 57.4 and 0.0106 for Cat-PAA(100)-7,
100.3 and 0.0162 for catalase/PAA(100)-7, and 44.8 and 0.0106 for unmodified
catalase, respectively.
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2.5.2 Enhanced Long-Term Stability of Cat-PAA
Wrapping the enzyme in the PAA matrix was expected to enhance the long-term
storage stability. Enzyme activities were measured after storage at 8 ˚C for 10 weeks in
20 mM phosphate buffer at the pH of synthesis (5.0, 6.0 or 7.0). Example kinetic traces
of the Cat-PAA(100)-7 and catalase control at 0 and 10 weeks are shown in Figure
2.11. The initial kinetic activities were compared relative to the activities of
corresponding

freshly

synthesized

Cat-PAA

conjugates

(Figure

2.12).

All

measurements were done in triplicates with errors <15%. Cat-PAA conjugates
synthesized at pH 5.0 maintained ~50% of their original activity after 10 weeks while
those synthesized at pH 6.0 maintained 20 – 65% of their original activities. Those
synthesized at pH 7.0, however, maintained 60 – 90% of their original activities.
Additionally, the retention depended on polymer mole ratio. Cat-PAA(500)-7, for
example, maintained nearly 90% of its original activity under these conditions. In sharp
contrast, unmodified catalase had 0% activity after 2 weeks of storage at 8˚C. The
bioconjugate thus had superior storability under ordinary refrigeration conditions.
All conjugates reported here remained completely soluble in buffer without any
precipitation for 10 weeks or longer. Activity studies conducted after storing the samples
at 8 °C for 10 weeks demonstrated that the samples synthesized and stored at pH 7.0
were 60-90% active, with Cat-PAA(500)-7 sample having the highest catalytic activity
retention. Unmodified catalase completely lost its activity under the same conditions
after only two weeks. The enhanced stability of the conjugates may be attributed to the
PAA’s ability to protect the protein from bacteria and protease digestion, as
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demonstrated here. These are the first examples of introducing extended stability and
resistance to protease digestions of catalase by conjugation with PAA.
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Figure 2.11
(A) Activities for Cat-PAA(100)-7 zero days after synthesis (red solid line), CatPAA(100)-7 ten weeks after synthesis (red long-dashed line), Cat-PAA(100)-7 five
months after synthesis (red short-dashed line). Samples were stored at 8 ˚C in
phosphate buffer (pH 7.0, 10 mM). (B) Activity of catalase after 10 weeks of storing at 8
˚C in distilled water. For the assay, catalase sample (0.01 µM) was added to a mixture
of H2O2 (5 mM) and sodium phosphate buffer (20 mM, pH 6.0). The disappearance of
H2O2 was monitored at 240 nm with respect to time at room temperature.
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Figure 2.12
Long-term activities of Cat-PAA samples after storing for 10 weeks at 8 ˚C in phosphate
buffer (pH 5.0, 6.0, 7.0, 20 mM). Enzymatic activity assays were performed as in panel
A. Long term activity data not available for Cat-PAA(100)-5.
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2.5.3 Enhanced Thermal Stability of Cat-PAA
Unmodified catalase and Cat-PAA(100)-7 were inactivated at two different
concentrations (1 µM and 10 µM) at 50 °C to examine if the enhanced stability was
aided by the inhibition of dissociation of the tetramer by PAA. Residual peroxidase
activity was measured every 20 minutes for 80 minutes. Both Cat-PAA(100)-7 and
catalase lost its activity at a rate that was independent of concentration (Figure 2.13).
Cat-PAA(100)-7 retained ~60% activity after 80 minutes, while, catalase control retained
only ~25% of its original activity under the same conditions.
Crosslinking the enzyme surface functional groups with PAA was expected to
lower the conformational entropy of the denatured state and thereby increase thermal
stability of the bioconjugate.

The thermal denaturation curves were obtained by

monitoring enzyme absorbance at 280 nm as a function of temperature for three of the
conjugates, chosen as representative examples (Figure 2.14).

The absorbance of

catalase increased substantially around 68˚C (black line in all three panels), which
corresponded to the denaturation temperature.42 Cat-PAA(100)-7 conjugates (red,
green or blue), on the other hand, showed little or no change in their absorbance upon
heating over this temperature range. The absorbance of the corresponding physical
mixtures of catalase and PAA also showed substantial change in absorbance over this
temperature range (light pink, light green and light blue lines).

Thus, covalent

conjugation to PAA improved the temperature of denaturation of catalase, as expected.
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Figure 2.13
Percent residual peroxidase activity of Cat-PAA(100)-7 conjugates at 50 °C. Activity
was measured every 20 minutes for 10 µM (red line) and 1 µM (orange dashed line)
Cat-PAA(100)-7 , with 10 µM (black line) and 1 µM catalase (gray dashed line) controls.
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C

Figure 2.14
Resistance to thermal denaturation: Plots of enzyme absorbance at 280 nm as a
function of temperature for Cat-PAA conjugates synthesized at pH 7.0 where the protein
to polymer mole ratios were (A) 100, (B) 500, and (C) 1000. Comparison with that of
catalase (black curve) and the corresponding physical mixtures (light pink, light green
and light blue) show that all three conjugates (red, green and blue) were highly stable
under these conditions.
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Proteins have limited thermal stability, which is a major concern that limits their
utility. We previously showed that conjugation to PAA stabilized hemoglobin against
steam sterilization, but hemoglobin-PAA conjugate denatured around the same
temperature as the unmodified protein.7 Since a larger number of lysine residues are
present on catalase (108) than hemoglobin (48), we expected a greater number of
linkages between the protein surface and the polymer, which would result in a
substantial decrease in the conformational entropy of the protein’s denatured state.
This, in turn, should enhance the thermal stability of the Cat-PAA conjugates well
beyond that of the corresponding hemoglobin-PAA conjugate. Cat-PAA(100)-7, CatPAA(500)-7, and Cat-PAA(1000)-7 were chosen as representative examples, and did
not show any signs of denaturation upon heating to 95 ˚C. The corresponding physical
mixtures indicated some signs of denaturation, while catalase was completely
denatured around 68 ˚C. Thus, the thermal stability of the protein was enhanced to a
significant extent by the polymer matrix.
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2.5.4 Stability of Cat-PAA Against Proteolytic Digestion
Proteases, enzymes that degrade proteins by hydrolysis, are ubiquitous and
these often limit the solution phase stability of many proteins. We hypothesized that the
synthetic polymer would resist protease digestion and prevent the access of proteases
to the encased catalase. We therefore examined the rates of digestion of Cat-PAA
conjugates by trypsin. The samples were incubated with trypsin (Figure 2.15 A) and
chymotrypsin (Figure 2.15 B) and catalase activities were measured as a function of
digestion time. The activities decreased logarithmically with time. Residual activity of
any sample withdrawn at time ‘t’ was calculated by comparing its activity with the activity
of the same sample at 0 minutes of incubation. Half-lives were calculated from the slope
of the plot of logarithm of residual activity vs. incubation time (Figure 2.15 C). PAA
conjugation increased the half life of unmodified catalase (no PAA) from 71 minutes in
trypsin and 93 minutes in chymotrypsin to 176 minutes in trypsin and 125 minutes in
chymotrypsin for Cat-PAA(500)-7.
Resistance to proteolysis was determined from the slopes of the lines in Figure
2.15 A and B for each sample and compared with that of catalase. After 90 minutes of
digestion by trypsin, Cat-PAA(500)-7 retained more than 80% of its original activity,
while catalase lost most of its activity. This indicated that wrapping the enzyme with the
synthetic polymer endowed greater resistance to degradation by proteases such as
trypsin. Such properties could be vital for biological applications of enzyme conjugates,
where the samples are often exposed to high levels of proteases.
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B.

C.

Figure 2.15
Resistance to protease digestion was evaluated by measuring the residual activity after
incubation of catalase (7 µM) with (A) trypsin (44 µM) or with (B) chymotrypsin (36 µM)
in phosphate buffer (pH 7.0, 20 mM) for 90 minutes at room temperature. Peroxidase
activities of Cat-PAA(500)-7 (green line), catalase/PAA(500)-7 (light green line), and
catalase (black line) were measured in triplicate every 30 minutes. (C) Half lives of CatPAA(500)-7 (dark green), catalase/PAA(100)-7 (light green) and catalase (black) while
in the presence of trypsin or chymotrypsin.
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The rate of protease digestion of the protein in these nanogels was expected to
decrease in the presence of PAA, which creates a protective cross-linked network and
serves as a physical barrier around the protein, slowing the rate of diffusion of
proteases or bacteria toward the entrapped enzyme.43 Over long time scales, the selfdigestion of trypsin could also contribute to improved conjugate stability.44 We chose
two representative examples to test these ideas and exposed catalase, Cat-PAA(500)7, and the corresponding catalase/PAA physical mixture (1:500, pH 7.0) to trypsin and
chymotrypsin for 90 minutes. The conjugate and physical mixture retained >80% of
their initial activities in trypsin after 90 minutes, while nearly half of the activity of
catalase was lost after just 70 minutes. When subjected to chymotrypsin, the conjugate
retained ~80% of its initial activity, while the physical mixture and unmodified catalase
retained less than 65%. This is in line with previous reports that the physical presence
of PAA protected hemoglobin from trypsin digestion.45 The polymer shroud around
catalase thus created a steric environment in which the diffusion of proteases was
slowed. Additionally, electrostatic interactions with PAA could also work to slow the
diffusion of proteases.
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2.5.5 Resistance Against Inhibition by Negatively-Charged Inhibitors
The presence of anionic polymer shroud around the enzyme was expected to
repel the anionic inhibitors and thereby protect enzyme activities. This expectation was
tested using ascorbate, a known inhibitor of catalase.32 While the addition of ascorbate
reduced catalase activity by 70%

(Figure 2.16A, black dashed and black solid

lines), Cat-PAA(100)-7 retained nearly 100% of its original activity in the presence of
the ascorbate (270 µM). The physical mixture catalase/PAA(100)-7 retained about 60%
of its original activity. The relative residual activities of the samples are compared in
Figure 2.16 B. Overall, the PAA shroud protected the enzyme against the anionic
inhibitor to a significant extent. If electrostatic repulsion was the primary method by
which PAA protected catalase from anionic ascorbate, it was expected that the effect of
cationic inhibitors would be enhanced, The positively charged inhibitor copper(II) was
used to examine this hypothesis. In the presence of copper(II) Cat-PAA(100)-7
conjugate retained only 20% of its original activity while unmodified catalase retained
~50% activity (Figure 7B).
The strong negative charge of PAA in the nanogel (pH 7.0) was expected to
repel negatively-charged inhibitors, a novel property of the conjugate that effectively
keeps negatively charged species from interacting with catalase by repulsive
electrostatic forces. This idea was tested by monitoring the ability of ascorbate to inhibit
catalytic activity of Cat-PAA(100)-7, chosen as a representative example. Ascorbate
normally binds to catalase after a peroxide enters the active site and reduces the heme
iron from Fe(V) to Fe(IV).46 The repulsive charge interaction between the negatively
charged inhibitor and the negatively charged PAA was strong enough that ascorbate did
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not substantially inhibit the activity of the conjugate. The activity of unprotected
catalase, however, was reduced by nearly 70%. This simple concept of attaching a
charged polymer to any protein at multiple sites can be used to alter its sensitivity
toward particular inhibitors or to alter the selectivity towards specific substrates. This
provides a powerful tool to control the catalytic activities of polymer-conjugated
enzymes. To the best of our knowledge, no such reports are available in the literature.
When tested further, current approach could significantly enhance the ways in which a
protein’s properties can be manipulated in a rational, predictable manner by
bioconjugation methodologies.

	
  

56

Chapter 2
	
  
A

B

Figure 2.16
Protection against ascorbate inhibition: (A) Rate of decomposition of hydrogen peroxide
(5 mM) by Cat-PAA(100)-7 in the presence (pink dashed line, 0.01 µM enzyme) or
absence (red solid line) of ascorbate (270 µM) (Tris buffer, pH 7.0, 50 µM) incubated at
~37 °C for 40 minutes. Controls are represented by black thick and black dashed lines.
(B) Relative residual activities of conjugate Cat-PAA(100)-7 (red), catalase (black) and
the catalase/PAA(100)-7 physical mixture (pink) in the presence of anionic ascorbate
and cationic copper(II).
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2.6 Concluding Remarks
The current approach of using the lysine residues on catalase for conjugation
with the COOH groups of PAA by EDC chemistry is a mild, robust, and efficient
synthetic protocol to prepare stable and active Cat-PAA conjugates. The formation of
water-soluble nanogels was supported by agarose gel electrophoresis and TEM
studies. Quantitative conjugation was achieved, at three different pH conditions, while
using three vastly different mole ratios of enzyme to polymer.
The conjugation chemistry did not perturb enzyme catalytic site or disrupt access
to the substrate to a significant degree, as demonstrated by the fact that, with the
exception of Cat-PAA(100)-5, all the conjugates retained 75-100% of the activity of
unmodified enzyme. Retention of activity is essential for practical applications, and
extensive chemical modification, as in the present cases, is often thought to be
deleterious. In this case, even conjugates with 1000-fold excess PAA retained high
activities. Thus, current methodology to prepare water-soluble, functional enzyme-PAA
conjugates is robust and effective.
The synthesis pH appeared to have significant influence on activity/structure
retention of the conjugates – pH 6.0 or 7.0 was essentially benign, while pH 5.0 was
not. One reason for this could be that the enzyme structure was frozen to some degree
at the synthesis pH by the covalent linking of its lysine side chains with the carboxyl
groups on the polymer. This deduction is supported by the fact that catalase’s optimum
pH for catalysis is around 7.0,18 The strategy of encasing the enzyme within the polymer
gel to protect it against denaturation over long periods of time was confirmed by the
observed long-term stabilities of the conjugates. Cat-PAA conjugates remained soluble
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and retained 25-90% activity when stored for 10 weeks at 8 °C, while catalase
denatured completely and precipitated within just 2 weeks. This property had a strong
dependence on the synthesis pH and varied with the enzyme to polymer mole ratio. We
conclude that pH 5.0 and low polymer mole fractions resulted in distortion of enzyme
structure and some loss in storage stability.
The above strategy of improving enzyme stability with the polymer matrix was
further confirmed by thermal denaturation studies, where the conjugates did not show
any signs of denaturation after heating to 95 ˚C. This may be attributed to the large
number of lysine residues (108) on catalase, which were sufficient to induce a suitable
number of crosslinks between the protein and the polymer such that thermal
denaturation was inhibited to a significant extent. Note that Hb has only 44 lysine
residues and the corresponding Hb-PAA conjugates were steam sterilizable but still
denatured around 70 ˚C, similar to unmodified hemoglobin.

Thus, the number of

potential sites for conjugation plays an important role in stabilizing the enzyme against
heat. Consistent with these conclusions regarding the importance of the gel network
around the enzyme, Cat-PAA(500)-7 was 2.5-fold more resistant to trypsin digestion
than unmodified catalase. The diffusion of the large protease into the gel network was
expected to be slow, and protease digestion could thus be a diagnostic tool to predict
stability of the conjugate.
The negatively charged side chains of PAA repel the anionic ascorbate and
protect the encased catalase against inhibition.

Thus, (1) enzyme inhibition by

particular inhibitors can be controlled in a predictable and rational manner, and (2) the
polyelectrolyte gel matrix provides an electrostatic control over the interactions of small
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ions with the enzyme. Along these lines, one could predict that positively charged
substrates should react faster with the PAA-encased enzymes, as they could be
favorably sequestered by the anionic gel matrix. We tested this hypothesis with Cu(II)
and found that the inhibitory effect was enhanced when PAA was wrapped around
catalase.
In closing, random conjugation of catalase to PAA resulted in nanogels, which
showed excellent thermal stability, improved storage stability, enhanced resistance to
protease digestion, and high activity retention when compared to catalase. All of the
conjugates demonstrated some residual activity after 10 weeks of storage at 8˚C. The
charge groups of the polyelectrolyte shroud could be exploited to control the interactions
of small ions, inhibitors, and charged substrates with enzymes. Finally, we conclude
that the strategy demonstrated here brings us one step closer to designing enzymes
that could be ‘Stable-on-the-Table’.
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Chapter 3. Enhancing Size-Selectivity of Lyzosyme by
Conjugation to PAA
3.1 Abstract
Here we report a facile method to induce size-selectivity to an enzyme, using
lysozyme as a model for conjugation to the polymer poly(acrylic acid) (PAA). The
carbodiimide EDC crosslinks the lysozyme’s amine-containing lysine groups to the
carboxyl groups on the PAA. Lysozyme was chosen for this reason because it is
known to lyse cell walls, but can also cleave small polysaccharides, and thus the sizeselectivity could easily be monitored. The polymer shroud is strong enough to stabilize
the enzyme by making the native state of lysozyme more entropically favorable, while
at the same time being porous enough to allow access of small substrates to the
enzyme active site. Lysozyme-PAA exhibited nearly 0% activity was observed due to
the cross-linked PAA’s ability to selectively protect the protein from large substrates or
molecules such as proteases and bacteria. The same lysozyme conjugate was about
60% active when using a smaller substrate. Conjugation to PAA can thus be a facile
way of increasing storage stability of proteins and introduce size-selective activity.
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3.2 Introduction
Here, the use of the previously optimized technology was used with lysozyme
with the hypothesis that the PAA armor can allow small molecules to pass through
while also having the ability to block large molecules such as cells. This supports the
hypothesis in the previous chapter that the PAA helps protect the enzyme against
bacterial degradation. The act of conjugating PAA to Lys may prevent the large cell
from gaining access to the lysozyme within the polymer matrix. We hypothesize that
the pore sizes of the polymer shell around the protein are much smaller diameter than
that of the M. lysodeikticus cells. This property could be used to create size-selective
proteins, which only accept substrates that are smaller than the pore size (Scheme
3.1).
Overall, previously-developed methods were used with the expected result of
creating a general approach for protein-polymer conjugates, but instead a more
interesting relationship was found with unexpected results. To understand whether or
not the polymer could potentially be used as a size-selective layer around the protein, a
smaller,

fluorometric

substrate

called

4-methylumbelliferyl-β-D-N,N’,N”-

triacetylchitotrioside was tested. If the Lys-PAA is sufficiently protected by the outer
polymer, it could block or decrease the access of large bacteria or proteases to the
proteins within the nanogel, and would in turn increase its selectivity/stability. These
results currently add to the idea that one day, protein-polymer biomaterials will be used
in biosensors, protein therapeutics if tailored to the proper conditions.
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Scheme 3.1
Size-selectivity of Lys-PAA conjugate to small substrates and nearly inactive towards
large substrates.
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3.2.1 Enzyme: Lysozyme
Lysozyme is a small enzyme with a molecular weight of only 14700 Da. It is
normally positively charged in most solutions (+7.5 charge at pH 7.0), as it has a very
high isoelectric point of 11. It is also able to crosslink to PAA via carbodiimide
chemistry as it has 6 –NH2 (lysine) residues out of its 129 total residues which can
crosslink covalently to the –COOH groups on PAA.
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3.3 Method for crosslinking Lys-PAA
	
  

3.3.1 Materials
Lysozyme was purchased from Sigma-Aldrich (St. Louis, MO). Enzyme
solutions were prepared in distilled water, and the concentrations were determined
from the absorbance of each protein using the appropriate extinction coefficient at 280
nm. 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was purchased from TCI
America (Portland, OR), and poly(acrylic acid) (PAA, 45 wt%, MW 8000) was from
Sigma (St. Louis, MO). All solutions were buffered in 20mM Na2HPO4 at pH 4, 5, 6, or
7 (Sigma-Aldrich). Samples were dialyzed using 25 kDa molecular weight cut-off
dialysis membranes for catalase and glucose oxidase, and 8 kDa cut-off membranes
for lysozyme, both purchased from Spectrum Laboratories, Inc. (Rancho Dominguez,
CA). For Lys enzymatic activity assays, M. Lysodeikticus cells were purchased
fromWorthington Biochemical Corp. The small-molecule lysozyme activity assay
substrate 4-methylumbelliferyl-β-D-N,N’,N”-triacetylchitotrioside was purchased from
Santa Cruz Biotechnology, Inc.
Absorption spectra were recorded on an HP8453 uv-visible spectrophotometer
(Agilent Technologies, Santa Clara, CA). The concentration of protein in solution was
determined from the absorbance using the appropriate extinction coefficient at 280 nm.
All data was plotted using Kaleidagraph V4.1.1.
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3.3.2 Synthesis of Lys-PAA Conjugate
The protein-polymer conjugates were synthesized by using EDC as the coupling
agent with minor modifications to reported methods.7 A mixture of sodium phosphate
buffer (20 mM, pH 4, 5, 6, or 7) and PAA (1, 5 or 10 mM) and deionized water were
added to a reaction vial, followed by stirring for 10 minutes. Next, EDC (100 mM) was
added while stirring. After 5 minutes, lysozyme (10 µM) was added and allowed to stir
for 12 hours. Excess EDC, PAA, and by-products were dialyzed three times using a 25
or 8 kDa molecular weight cut off dialysis membrane based on the Mw of the protein
used.
The product synthesized from PAA (5000 nmol) and Lys (50 nmol) at pH 6 (PAA
to Lys mole ratio of 100:1) is designated as Lys-PAA(100)-6 and this nomenclature will
be used for unique identification for specific protein-polymer conjugate samples. Each
sample has been centrifuged at 10,000 rpm for 2 minutes and filtered using a 0.22 µm
filter to remove invisible precipitates, if any. The enzyme-PAA conjugates were soluble
in water for up to two months for lysozyme when kept refrigerated at 9.0°C, after which
precipitates began to form. Precipitation was also accelerated when the conjugates
were synthesized and stored at pH 3.
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3.3.3 Characterization of Lyz-PAA Conjugate
The resulting Lys-PAA conjugates were analyzed by gel electrophoresis, CD,
DLS, and TEM as described in chapter 2.
Two different activity assays were done for the Lys-PAA conjugate. The first, the
rate of lysis of Micrococcus lysodeikticus cells is monitored as reported in the
literature.47 A suspension of M. Lysodeikticus cells (0.10 mg/mL) was placed in the
spectrophotometer and absorbance was adjusted to about 0.8. A blank rate was
established by observing the absorbance at 450 nm with respect to time. Next, a
solution of lysozyme (1 µM) was added to the cuvette and the rate of lysis of the cell
walls was established.
The second assay used a small molecule 4-methylumbelliferyl-β-D-N,N’,N”triacetylchitotrioside (GlcNAc-MeU).48 A solution of lysozyme, Lys/PAA, or Lys-PAA
was first incubated at 42 °C in the dark (0.1 µM lysozyme, 9.16 µM GlcNAc-MeU, in 20
mM Na2HPO4 pH 5.1). Aliquots were removed every 0, 30, and 60 minutes and placed
in an equal volume of 40 mM glycine buffer (pH 12) on order to hydrolyze the
fluorescent marker on the substrate. The solution’s fluorescence intensity was then
measured in triplicate by exciting at 360 nm and measuring the emission at 450 nm.
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3.4 Morphology of the Lys-PAA Conjugate
Covalent attachment of negatively charged PAA to the outside of a positively
charged enzyme such as lysozyme49 is expected to give rise to neutral to negatively
charged enzyme-polymer conjugates. When PAA is conjugated to lysozyme, the net
charge of the nanogel remains negatively charged due to the negatively charged PAA,
thus the electrophilic mobilities of the enzyme-PAA will be vastly different than the
unmodified protein (Figure 3.1A). There was no free lysozyme in the Lys-PAA
conjugates, indicating complete conversion of the enzyme to conjugate form (lanes 57). The physical mixtures of Lys/PAA were expected to behave differently than the Cat
and GOx physical mixtures. Because Lys is positively charged at neutral pH instead of
negatively charged like catalase, the physical interaction between Lys and negatively
charged PAA is much stronger. The physical band for Lys/PAA moves as far as the
Lys-PAA conjugates, indicating that the physical binding between them is strong
enough that the lysozyme and PAA do not separate even when an electric field is
applied to them (Lanes 2-4).
Successful conjugation to PAA was also verified by SDS-PAGE (Figure 3.1 B).
There are faint lines indicating conjugate in Lane 4, and they correspond to about 66.3
kDa. All the lysozyme in this case was conjugated completely to PAA because there is
no band present around 14.4 kDa, which corresponds to the molecular weight of
unmodified lysozyme.
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B

Figure 3.1
(A) Agarose gel of unmodified lysozyme is shown in lane 1. Physical mixtures (without
EDC) of Lys/PAA(100)-5, Lys/PAA(500)-5, and Lys/PAA(1000)-5 are in lanes 2-4.
Conjugates of Lys-PAA(100)-5, Lys-PAA(500)-5, and Lys-PAA(1000)-5 are in lanes 57. (2) Conjugated lysozyme-PAA is shown on a 12% SDS PAGE gel with a 5%
stacking gel. Lane 1 contains standard molecular weight markers with each band
corresponding to the weight written to the left of it in the figure. Lane 2 contains
unmodified lysozyme. Lane 3 contains Lys/PAA(100) physical mixture, and lane 4
contains Lys-PAA(100) conjugate.
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The morphologies, size, shapes and phase characteristics of the protein-PAA
conjugates were analyzed using TEM. Unconjugated Lys shows small spherical
aggregates compared to the large amorphous nanogels of Lys-PAA (>100 nm), which
appear as dark clusters (Figure 3.2). The shapes of the dialyzed conjugates are not
well defined and can range from smaller dark spheres, to large globular Lys-PAA
clusters. It appears as though there is no range between the two distributions shapes
and sizes.
Average size distribution was found by DLS for all Lys-PAA conjugates.
Because none of the resulting conjugates were of discrete particle sizes, the range of
size distributions ranged from small (2 nm) to large (200 nm). In all cases however,
unmodified Lys gave only one major peak, and in all Lys-PAA conjugates there were
two or sometimes three major peaks (Figure 3.3). Particle sizes for native Lys were
significantly larger than the size of one singular Lys, which is primarily due to
aggregation.50 Lys-PAA(500)-6 were 152 nm (34.3%), which accounts for the majority
of size distributions within the solution.
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Figure 3.2
TEM images of Lys (0.1 µM), and Lys-PAA(100)-6 Samples were dried and then
stained with uranyl acetate for 30 min prior to taking images.
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Figure 3.3
DLS of Lys/PAA physical mixtures and conjugates with 1:100, 1:500, and 1:1000
lysozyme:PAA mol ratios.
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3.5 Size-Selectivity of PAA Shell: Small versus Large Substrates
In order to determine the catalytic activity of lysozyme after conjugation to PAA,
the rate of lysis of the cell walls of M. lysodeikticus cells was used. A solution of
lysozyme (1 µM) was added to a suspension of M. lysodeikticus cells (0.10 mg/mL)
and the change in absorbance at 450 nm was monitored as a function of time.
There was a surprising difference between the activity of Lys/PAA mixture and
Lys-PAA conjugate that was not seen previously with catalase conjugates. Catalase
conjugates and physical myxtures typically have similar relative specific activities,
indicating that crosslinking is not hindering the enzyme’s structure or active site. While
lysozyme and the Lys/PAA physical mixtures had similar activities, the Lys-PAA
conjugate did not (Figure 3.4 A). The decreased activity is due to the inability of the
large substrate to access the active site of lysozyme. The activity of Lys-PAA(100)-6
was less than 10% compared to the activity of Lys/PAA(100)-6 which was about 80%.
A second smaller substrate for Lys was then tested using 4-methylumbelliferylβ-D-N,N’,N”-triacetylchitotrioside (GlcNAc-MeU), a trisaccharide with a fluorescent
marker in order to test the size-selectivity of the PAA (Figure 3.4 B). By using a
smaller substrate, it may be possible for it to make its way through the nanogel network
and reach more of the protein. Both the conjugate and physical mixture activities for
the lowest PAA ratio (Lys:PAA(100)) were compared with respect to unmodified Lys
activity. This smaller substrate behaved differently than the large M. Lys. Cells (Figure
3.4 C). The conjugate and physical mixture in this case, were much closer in activity:
Lys/PAA(100)-6 mixture was about 40% active and the Lys-PAA(100)-6 conjugate was
about 60% active.
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Figure 3.4
(A) Comparison between specific activity of Lys, Lys/PAA and Lys-PAA with M.
lysodeikticus cells as the substrate (B) or with small glycan substrate. (C) Relative
percent activity of Lys, Lys/PAA, or Lyz-PAA with activity using both M. lysodeikticus
cells and small substrate GlcNAc-MeU.
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3.5 Concluding Remarks
We report a simple, modular, self-assembled approach of covalent conjugation
of low molecular weight PAA (Mw 8,000), a multifunctional, hydrophilic polymer to the
surface lysine amino acids of lysozyme. These bioconjugates were produced with
controlled size, solubility, and newly observed size-selective properties for small
substrates such as GlcNAc-MeU.
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Chapter 4. A Novel Approach for Interlocking Enzymes
With Poly(Acrylic Acid) in Whatman Filter Paper
4.1 Abstract
In this chapter, we report a modular, general method for trapping enzymes
within the voids of paper, without chemical activation of cellulose. Glucose oxidase
(GOx) and horseradish peroxidase (HRP) were crosslinked with poly(acrylic acid) via
carbodiimide chemistry, producing 3-dimensional networks interlocked in cellulose
fibers (Scheme 4.1). In this method, the enzymes and PAA (blue line with –COOH
residues) are covalently linked on paper (represented as a cartoon of a spider web) insitu. Thus, the EDC crosslinking locks the enzyme-PAA ‘nanogel’ as discussed in the
previous chapter, in such a way that the gel is wrapped around and locked around the
fibers of paper. Interlocking prevented enzyme activity loss and enhanced washability
and stability.
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Scheme 4.1
Interlocking approach using glucose oxidase (GOx) and horseradish peroxidase (HRP)
as model enzymes to covalently crosslink with poly(acrylic acid) (PAA) via EDC
chemistry around the fibers of filter paper.
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4.2 Introduction
Paper-based enzyme devices hold high promise for a wide range of applications
such as diagnostic assays,51–53 biosensors,54,55 and biofuel cells.56 The specific
properties of paper, such as its hydrophilicity, flexibility, insolubility in water, no toxicity
and abundance make it an attractive support for enzymes.57 There are many
approaches for trapping enzymes in cellulose: physical adsorption, simple deposition
as inks, and covalent cross-linking to the surface after chemical activation.58–62 A
serious limitation of using paper for enzyme loading, which is mostly composed of
cellulose with a chemical formula of (C6H10O5)n (Scheme 4.1), has been the expensive
chemical modification that is needed for the covalent linking of the enzyme to the
support. Physical deposition, for example, gave high stability for the enzymes but was
prone to immediate enzyme loss during washing. Chemical linking to the functionalized
surface of cellulose prevents enzyme loss during washing, but requires expensive
chemistries.
This serious road block has been overcome by the current approach of
interlocking of enzymes in the fibrous network of paper, which is novel, efficient,
simple, inexpensive and amenable to laboratories with limited resources.
Crosslinked

enzyme-poly(acrylic

acid)

(PAA)

conjugates

within

the

interconnected voids of paper will entrap catalytic enzymes without the need for
surface modification of the support. One advantage with this approach is that the
enzyme-PAA conjugate is expected to be locked-in, without hindering access to
substrates. This approach can be modular, applicable to enzymes with the appropriate
numbers of amine groups available for EDC crosslinking to the carboxyl groups of
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PAA. By changing the functional groups on the polymer, the strategy can be expanded
to other chemistries, other polymers and proteins. Non-covalent interlocking of the
enzyme-polymer conjugate within the fibers of cellulose in this work is different from (i)
the immobilization of enzymes on the cellulose surface and (ii) the formation of
interpenetrating gel networks.63–65 This is the first example of interlocking of enzymepolymer conjugates in cellulosic fibers, to the best of our knowledge. Because surface
activation of supporting materials is not required, this approach may also be amenable
to any porous matrix so that polymer-enzyme conjugates can be formed in the voids.

	
  

79

Chapter 4

Scheme 4.2
The fibers of cellulose are shown above where the cellulose polymer molecules are
aligned and hydrogen bonds between and within the cellulose molecules hold them
together.
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4.2.1 The Rationale for Using Cellulose
Cellulose, the main component of paper, is hydrophilic, odorless, chiral,
biodegradable, composed of D-glucose units, and insoluble in most organic solvents
and dilute mineral acids. Paper-based devices have been widely used in a variety of
applications such as in diagnostic assays, biosensors, and biofuel cells. Paper is
mostly made of cellulose fibers, and cellulose is attractive due to its biodegradability,
hydrophilicity, insolubility in water, flexibility, filtration capabilities, and its high
abundance make it an attractive support for enzymes.66 The cellulosic fibers are benign
to most enzymes and most enzymes cannot degrade, hydrolyze or oxidize it.
Cellulosic paper is also extremely inexpensive for commercial applications of bound
enzymes.
There are few approaches for convenient loading of enzymes onto a cellulose
matrix such as physical adsorption

59

, and covalent cross-linking of the enzyme to the

cellulose surface after chemical activation of the solid surface. 58 Physical adsorption is
known to involve weak interfacial forces and the associated leaching of the enzyme
from the surface into solution during exposure and storage. Chemical cross-linking
limits enzyme loading to the accessible surface area of the matrix as well as the extent
of chemical modification that has been achieved on the cellulose surface.
Glutaraldehyde crosslinking is one of the most common chemical attachment methods
used for enzyme immobilization on cellulose. There are several advantages of the
chemistry used here over glutaraldehyde coupling.67 For example, glutaraldehyde
requires borohydride reduction of the product to prevent its hydrolysis as an additional
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step. The polymer linker used here is much longer and thus bridges greater distances
between enzymes than glutaraldehyde.
As of now, there is no universal method for enzyme immobilization onto
cellulose at high loading capacity that does not require any chemical activation of the
support. We devised a simple, novel approach for the interlocking of enzymes onto
cellulose fibers without any surface modification/activation of the support. In our
approach, the enzyme is locked into cellulose fibers by covalent linking with a synthetic
polymer such that the enzyme-polymer nanogels are directly embedded within the
fibrous network (interlocking). This approach virtually eliminates long-term leaching of
the enzyme and significantly enhances the stability of the interlocked enzyme. The
method described here can be used for any enzyme and any polymer molecule that
has the appropriate crosslinking functionalities.

4.2.2	
  Concept	
  of	
  Interlocking	
  as	
  a	
  Novel	
  Method	
  for	
  Sensor	
  Fabrication	
  
There are many ways of trapping enzymes in a cellulose matrix, such as
covalent crosslinking or adsorption but these methods often result in severe enzyme
deactivation, or loss of enzyme when subjected to washing. The method of
‘interlocking’ enzymes in cellulose is a new approach, and it is analogous to two chain
links stuck together, but not joined to one another. The only way to remove one link
would be to break the link open. Similarly, the enzyme-PAA conjugate is one link, while
the cellulose is the other link. The enzyme-PAA conjugate is wrapped around the nano
fibers in cellulose. Together, the enzyme is ‘interlocked’ and cannot be washed away.
At the same time, the enzyme is nano-armored by the polymer so that the enzyme’s
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stability is enhanced as well without compromising its biological activity. Thus, two
positive outcomes are achieved in one step.
Because of the non-specific nature of the EDC chemistry that occurs between
the amine groups of the enzyme and the carboxylic acid groups of the PAA polymer,
there is minimal work needed to create the nano-armored interlocked enzyme-PAA.
Most enzymes have multiple lysine groups on their surface and PAA has a large
number of carboxyl groups and it is also available commercially providing several
molecular weights as desired.

Large enzyme molecules would need longer PAA

molecules to wrap them with, while smaller enzyme molecules might work well even
with shorter PAA chains, and hence, one needs to choose an appropriate molecular
weight polymer for interlocking. Typically, the polymer length can be about 10-15 times
longer than the average diameter of the enzyme.
The interlocking approach via EDC chemistry can be broken down into two
convenient steps: (1) activation of the polymer with EDC to prevent any enzymeenzyme crosslinking, and (2) addition of the enzyme to the activated polymer followed
by deposition onto the cellulose surface to initiate interlocking. The reaction proceeds
at room temperature until dry, and the enzyme paper is ready in few minutes. This
approach is also amenable to the inkjet technology as well as the 3D printing where the
polymer, EDC and enzyme solutions can be deposited on the paper in a predefined
sequence and pattern. Ideally, no interactions between the cellulose fibers and the
enzyme/polymer are required to interlock enzymes in paper. This is advantageous,
because any such interactions might distort the enzyme’s structure, and the absence of
such interactions or when the interactions are very weak there is no threat to the
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enzyme structure. Enzymes can therefore be bound to paper without significant
distortion of enzyme structure, and the bound enzyme cannot be washed away due to
the ‘interlock’ technology. Thus, the ‘interlock’ technology and paper might provide a
general protocol to bind enzymes to solid substrates by a universal approach, without
loss of activity but improved stability.
Intricate structures in 2- or 3-dimensions on porous substrates can be made,
where the aqueous solutions can wet the fibrous matrix. All manipulations are carried
out at room temperature, using buffered solutions, desired pH and ionic strength
conditions, thus preserving the native structure of the enzyme without adverse effects.
The enzymes interlocked into the fibrous network of the paper are stable against
washing, leaching is prevented; they remain active, and are stable against denaturants.
Because the pores of the paper matrix are not blocked by this approach, the medium
can be used to separate particulate material before analysis. The sample can be
spotted on one side of the paper and activity assayed from the other side, so that any
debris would not affect the analytical result. On the other hand, the paper matrix may
also be exploited for performing any further chemistry on the sample by simply adding
multiple paper layers to the sensor. Thus, paper based, interlocked enzymes have a
high potential for analytical applications. Benign, one step, simple interlocking of one or
more enzymes in the cellulose matrix is reported here.
4.2.3 Enzymes: Glucose Oxidase and Peroxidase
Glucose oxidase (GOx, from asperigillus niger) and peroxidase (HRP, from
horseradish) were chosen as model systems. Glucose oxidase, which catalyzes the
oxidation of D-glucose to hydrogen peroxide and gluconic acid, is a widely studied
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enzyme for its possible usage in glucose biosensors

61,68–70

and biofuel cells.56 The

second enzyme, HRP, then uses the peroxide produced from glucose oxidase reaction
and converts iodide to elemental iodine, which is brown, which is produced in
proportion to the concentration of glucose present in the sample (Scheme 4.3).55 Thus,
the extent of brown color produced upon loading the test sample, as measured by an
ordinary scanner, is then proportional to glucose present and after calibration of the
sensor, one can obtain the concentration of glucose in the sample.
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Scheme 4.3
Two-step catalytic activity cascade of glucose oxidase and peroxidase.
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4.3 Preparation of Interlocked GOx-HRP in Filter Paper
4.3.1 Materials
Glucose oxidase from Asperigillus niger (GOx, EC 1.1.3.4) was purchased from
Sigma-Aldrich. Peroxidase from horseradish (HRP, EC 1.11.1.7) was purchased from
Calzyme. 1-Ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC) was purchased from
TCI America. Poly(acrylic acid) (PAA, Mw = 8,000) was purchased from Sigma-Aldrich.
Filter paper (Whatman Grade 1, typical 180 µm thickness, 87 g m-2 weight, and with 11
µm pore size) was purchased from Sigma-Aldrich. Household kitchen wax paper was
purchased from the local grocery store. Agarose (high gel temperature) was purchased
from USBiological Life Sciences. Sodium phosphate, D-(+)-glucose, potassium iodide,
brilliant blue G250 and R250, sodium dodecyl sulfate (SDS), urea, acetic acid,
isopropanol, ethanol, phosphoric acid, sodium bicarbonate, dimethyl sulfoxide (DMSO),
Fluoresceinamine Isomer I (FA), 5(6)carboxy-x-rhodamine N-succinimdyl ester (ROX)
were all purchased from Sigma-Aldrich.
4.3.2 Preparation of Waxed Paper
In our approach, circular ‘wells’ (~3.5 mm diameter) were stamped on filter
paper (Whatman 1, standard grade) by coating with wax. Circles (8 mm diameter) were
cut into wax paper using a precision cutter. The cut wax paper was placed on top of a
single sheet of Whatman filter paper, and a heat press was applied (280 °C, 20
seconds). The wax-coated filter paper wells had an inner diameter of ~ 3.5 mm. The
wells were verified for uniform coating by wetting with distilled water and then
observing if the water diffused into the waxed areas.
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4.3.3 Synthesis of Enzyme-PAA/cellulose
The enzyme-polymer conjugate was subsequently formed in situ by crosslinking
the carboxylate groups of PAA to the surface lysine residues of GOx and HRP by a
water-soluble carbodiimide, EDC30 in the voids of the paper (Scheme 4.4 A). The
conjugation-activated polymer solution was prepared by mixing PAA (10 mM),
phosphate buffer (20 mM, pH 7.0), EDC (100 mM), and stirred for 10 minutes. The
GOx (16 µM) and HRP (3.2 uM) solution was pre-mixed and added to the activated
polymer. The resulting GOx/HRP/PAA/EDC mixture was then immediately drop cast on
each filter paper well (2.5 µL per well) and left to air dry for about 1 hour. The resulting
GOx-HRP-PAA/cellulose was washed three times in 25 mL distilled water to remove
any unreacted PAA and EDC-urea, and was subsequently dried again for 1 hour.
A colorimetric enzymatic assay using potassium iodide (0.3 M, 2 µL) and
glucose was used to monitor enzymatic activity within cellulose (Scheme 4.4 B Upon
the addition of glucose (2-40 mM), GOx forms hydrogen peroxide and gluconic acid.
The HRP, with hydrogen peroxide, oxidizes potassium iodide to elemental iodine
(yellow to brown color). The yellow to brown color intensity was digitally scanned with a
photo scanner (Canon, color setting, 600 dpi resolution, no color adjustment). The
resulting image was converted to gray scale and analyzed for intensity using Image-J
histogram software (Scheme 4.4 C). Grey scale intensity is linear within all
concentrations of glucose tested (Figure 4.1).
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Scheme 4.4
Synthesis and analysis of GOx–HRP–PAA/cellulose. (A) Conjugation of GOx and HRP
to PAA is shown via EDC chemistry. The final enzyme–PAA conjugate remains
interlocked with the paper fibers (cartoon not to scale). (B) Color developed by addition
of potassium iodide and glucose, (C) and color intensity processed by ImageJ.
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Figure 4.1
Calibration of grey scale intensity with respect to increasing glucose
concentration. GOx/HRP was deposited onto the filter paper (16 µM GOx, and
3.2 µM HRP). The samples were assayed for grey scale color intensity by adding
potassium iodide (0.3 M, 2 µL), and increasing concentrations of glucose.
Samples were prepared in triplicate, and images were scanned after 30 minutes
of developing color.

	
  

90

Chapter 4
4.3.4 Solution-Phase Morphology and Structure of GOx-HRP-PAA Conjugate
Agarose gel electrophoresis was used for evaluating the presence of unreacted
enzyme upon conjugation in solution-phase. The gels were prepared by microwaving a
solution of agarose (0.5% w/v) in Tris-acetate buffer (40 mM, pH 7.0) on high for 1
minute. The agarose solution was cured at room temperature for 30 minutes.
Meanwhile, samples were prepared by mixing 5 - 6 µM enzyme with loading buffer
(50% v/v glycerol and 0.1% w/v bromophenol blue). Once loaded, the agarose gel was
run at 100 V for 30 minutes in a horizontal gel electrophoresis apparatus (Gibco Model
200, Life Technologies Inc.) The resulting agarose gel was stained with brilliant blue
R250 (0.1% w/v) for 4 hours, and then destained with acetic acid (10% v/v) overnight.
For SDS-PAGE, the gels were prepared using a 7% polyacrylamide separating
gel with a 5% stacking gel. The samples were prepared by adding loading buffer (10
µL, 2% w/v SDS, 10% v/v β-mercaptoethanol) to sample solutions and incubated in a
hot bath (~60 °C) for 15 minutes. Samples were loaded so that each well contained
about 4 µg of enzyme per well. The SDS gel was run at 200 V in a Bio-Rad MiniProtean Electrophoresis apparatus until the dye front nearly reached the bottom of the
gel. The gel was stained with acetic acid (10% v/v), isopropanol (10% v/v), and brilliant
blue R250 (0.1% w/v) overnight. The gel was subsequently placed in a second stain
bath containing acetic acid (10% v/v) and brilliant blue R250 (0.1% w/v) for 4 hours,
and then destained in acetic acid (10% v/v) overnight.
Retention of molar ellipticity of the GOx-HRP-PAA conjugate in solution was
found by measuring the circular dichroism (CD) spectra with a JASCO model J715
spectropolarimeter. All spectra are an average of 10 accumulations, measured with a 1
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nm data pitch, and scan speed of 50 nm/minute. Cuvette path lengths and sample
concentrations were 0.05 cm and ~ 3 µM (UV-CD), 1 cm and ~ 15 µM (Soret-CD). All
ellipticities were normalized against path length and exact sample concentration.
To confirm the denaturation of the GOx and HRP in the presence of 5 M urea, a
solution-phase activity assay was done using liquid samples of GOx-HRP-PAA and
respective controls of GOx/HRP and GOx/HRP/PAA. A FlexStation3 plate reader (from
Molecular Devices) was used to measure the enzymatic activity. A solution of GOx (0.5
µM), HRP (0.1 µM) phosphate buffer (20 mM, pH 5.5) guaiacol (10 mM) and urea (5 M)
were incubated in a 96-well plate (200 µL per well) for 30 minutes at room temperature.
Glucose (70 µL, 2 mM) was deposited into each well after about 20 seconds. Increase
in absorbance (470 nm) was monitored for 200 seconds. Respective controls in the
absence of urea were also measured for comparison.
4.3.5 Solid-Phase Morphology and Structure of GOx-HRP-PAA/Cellulose
Field-emission scanning electron microscopy (FE-SEM) and energy-dispersive
spectroscopy (EDS) were performed on the Strata 400 STEM DualBeam system
equipped with Focused Ion Beam (FIB) technology with an accelerating voltage of 10
kV for imaging and 20 kV for EDS analysis. Sample dispersed at an appropriate
concentration was sputter-coated with gold using Edward Evaporator/sputter coater
prior to SEM/EDS examination. With EDS, the elemental composition of the conjugate
on paper can be visualized, and atomic percentages of the elements can be identified.
The identified elements were quantified by eZAF Smart Quant Results method.
Laser confocal microscopy images were taken using fluorescently-labeled
enzymes or PAA. PAA was labeled with fluoresceinamine isomer I (FA-PAA) while

	
  

92

Chapter 4
enzyme GOx was labeled with 5(6)carboxy-x-rhodamine N-succinimdyl ester (ROxGOx). EDC (1 M) was added to a solution of PAA (9 mM) and stirred for 10 minutes.
FA (10 mM) was slowly added to the PAA solution with stirring, and reacted for 4 hours
in the dark at room temperature. The solution was then centrifuged for 30 minutes
(10,000 rpm) to remove any unreacted solid FA. The FA-PAA was then purified by
acetone precipitation.

After adding equal volume of 100% acetone, the FA-PAA

precipitated and the solution was centrifuged for 10 minutes (10,000 rpm). The
supernatant was removed, and the PAA was and resuspended in distilled water.
Acetone precipitation was repeated 3 times. ROX in DMSO (10mg/mL, 100 µL) was
slowly added to a solution containing GOx (20 mg/mL) in bicarbonate buffer (0.2 M, pH
8.3), followed by gently stirring for 4 hours in the dark at room temperature. The
solution was then dialyzed against phosphate buffer (pH 7.0, 20 mM) for 4 hours to
remove the unreacted fluorescent dye.
Fluorescence images were collected with a Nikon A1R Confocal Microscope
equipped with a 10x dry objective lens. Filter paper samples were placed directly on
the microscope stage. The FA dye was excited by a 488 nm argon laser (power level
2.4) and the fluorescence emission was monitored at 525 nm, with a PMTHighVoltage
of 125. ROX dye was excited by a 561 nm argon laser (power level 2.0) and monitored
at 595 nm, with a PMTHighVoltage of 120. The instrument pinhole was 2.7 µm.
Enzyme loading was examined by increasing the concentration of GOx (16, 30,
60, 90, 180 µM) and by maximizing the concentration of EDC (from 100 mM to 1.11 M).
This much EDC is sufficient to activate all the carboxyl groups on the PAA and
maximize the amount of enzyme crosslinked. To further enhance enzyme loading, a

	
  

93

Chapter 4
sample of GOx/HRP/PAA/EDC containing 180 µM GOx (26 mg GOx total) was loaded
onto the paper four subsequent times, drying for 30 minutes in between each
application. Samples were synthesized under the same conditions as stated
previously. The GOx-HRP-PAA/cellulose samples were washed three times in 25 mL
of distilled water for one hour.
Bradford reagent was prepared by dissolving brilliant blue G-250 (100 mg,
Sigma) in ethanol (95% w/v, 50 mL). To this solution, phosphoric acid was added (85%
w/v, 100 mL) and the resulting solution was then diluted to a final volume of 1 L with
distilled water. Final concentrations of the reagent were 0.01% w/v brilliant blue G-250,
4.7% w/v ethanol, 8.5% w/v phosphoric acid. The reagent was filtered through
Whatman 1 filter paper before each use until the color was light brown. Enzyme
standards containing either GOx-HRP-PAA or GOx were prepared with 1, 3, 5, 7, 8.5,
and 10 µg enzyme in 0.1 mL. Respective control of only PAA was made with identical
PAA mass present in GOx-HRP-PAA standards. To these standards, 1 mL of Bradford
reagent was added and mixed. Absorbance of the solution at 595 nm after 10 minutes
was measured against a blank of phosphate buffer (20 mM, pH 7.0) and reagent.
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4.4 Solution-Phase Studies of GOx-HRP-PAA Conjugate
Because enzyme structure, composition, and molecular weight of the enzymePAA conjugate in the cellulose matrix is difficult to determine, these parameters were
evaluated after making the conjugate in solution phase.
4.4.1 Gel Electrophoresis of Solution-Phase GOx-HRP-PAA Conjugate
Agarose gel electrophoresis was done to observe conjugation of enzyme to PAA
(Figure 4.2 A). The GOx-HRP-PAA showed increased electrophoretic mobility towards
the positive electrode when compared to GOx/HRP and GOx/HRP/PAA controls,
indicating no unconjugated enzyme remained after the EDC reaction was complete.6
Covalent attachment of enzyme to PAA and increased molecular weight was
confirmed by SDS-PAGE (Figure 4.2 B). The conjugate wasn’t expected to move
freely through the gel because of the attached long-chain polymer. GOx-HRP-PAA
conjugate had a broad and high molecular weight band (90-250 kDa) with no
unconjugated enzyme present. Quantitative conjugation of enzyme to PAA or enzyme
to enzyme within paper is therefore supported by solution phase characterization.
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Figure 4.2
(A) Agarose gel electrophoresis with GOx-HRP-PAA conjugate (lane 3) and respective
physical mixtures of GOx/HRP (lane 1) and GOx/HRP/PAA (lane 2). (B) SDS-PAGE
gel showing GOx-HRP-PAA conjugate (lane 4) and respective molecular weight
marker (MWM, lane 1 and 5), and physical mixtures of GOx/HRP (lane 2) and
GOx/HRP/PAA (lane 3).
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4.4.2 Solution-Phase Structure of GOx-HRP-PAA by Circular Dichroism
The influence of conjugation to PAA on enzyme secondary structure was
examined by circular dichroism (CD) (Figure 4.3). GOx-HRP-PAA in solution retained
80% ellipticity at 209 nm when compared to unmodified GOx/HRP physical mixture.
The GOx/HRP/PAA control also retained 100% ellipticity.

These spectra strongly

suggest that enzyme structure is largely retained upon crosslinking with PAA.
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A

B

Figure 4.3
(A) UV and (B) Soret Circular Dichroism (CD) of GOx-HRP-PAA conjugates and
corresponding GOx/HRP and GOx/HRP/PAA physical mixture controls. All spectra
are an average of 10 accumulations, and protein concentrations were ~ 3 µM for UV
and 16 µM for Soret. Ellipticities were normalized against each sample’s
concentration and cuvette path length.
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4.5 Material Properties of Enzyme-Interlocked Filter Paper
Enzyme loading in the paper was qualitatively examined by scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS), mercury porosimetry, and
protein loading by Bradford assay.
4.5.1 Scanning Electron Microscopy and EDS of GOx-HRP-PAA/Cellulose
SEM images show fewer voids in the washed GOx-HRP-PAA/cellulose (26 mg
GOx loaded, 1M EDC) when compared to bare cellulose (Figure 4.4). The
corresponding washed GOx/HRP/cellulose and GOx/HRP/PAA/cellulose physical
mixture controls showed similar appearance to bare cellulose. EDS indicated that GOxHRP-PAA/cellulose had a nitrogen content of 14(±2)% and N/C ratio of 0.33(±0.07)
while bare cellulose had no nitrogen (Figure 4.5).
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A

B

C

D

Figure 4.4
SEM images of (A) bare cellulose and (B) GOx-HRP-PAA/cellulose made with
higher loading of GOx (26 mg GOx, 1 M EDC). Controls of (C)
GOx/HRP/PAA/cellulose and (D) GOx/HRP/cellulose physical mixtures are also
shown. All samples loaded with enzyme were washed minutes to remove any
unbound materials before imaging. Courtesy of Murali Anuganti.
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Figure 4.5
Energy dispersive spectroscopy of GOx-HRP-PAA/cellulose (loaded initially with
26 mg GOx). The SEM image of the area assayed by EDS is highlighted in a
white rectangle (inset). A control of bare cellulose was also done to identify the
nitrogen to carbon ratio in the enzyme-polymer conjugate embedded in the
paper. Samples were washed and prepared according to the procedure listed in
ESI section 2.6. Nitrogen to carbon ratio was calculated by dividing the N wt.% by
the C wt.%. EDS indicated that GOx-HRP-PAA/cellulose had a nitrogen content
of 14+2% and N/C ratio of 0.33±0.07 while bare cellulose had no nitrogen.
Courtesy of Murali Anuganti.
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4.5.2 Fluorescence Labeling and Microscopy of GOx-HRP-PAA/cellulose
The GOx-HRP-PAA/paper was examined by multi-channel laser confocal
microscopy using GOx labelled with 5(6)carboxy-x-rhodamine N succinimidyl ester
(ROX-GOx) and PAA labelled with fluoresceinamine isomer I (FA-PAA). Verification of
PAA and GOx labeling with their respective fluorescent dyes was first determined by
gel electrophoresis. Because the dyes have different electrophoretic mobilities than
both GOx or PAA alone, the labeling could therefore be determined by the change in
position of fluorescence before and after labeling with the dye (Figure 4.6). Part A
shows the blacklight image of the agarose gel, where the fluorescent dye is visible.
Lane 1 shows GOx (non-fluorescent), lane 2 is the fluorescent ROX dye, and lane 3 is
the labeled GOx-ROX. Lane 4 is PAA (non-fluorescent), lane 5 is the free FA dye, lane
6 is the labeled FA-PAA. Physical mixture (no EDC) of ROX-GOX / FA-PAA is shown
in lane 7 with two distinct bands one for GOX-ROX shown in red and one for FA-PAA
at the top shown in green. After adding EDC, a smear appears in lane 8, indicating the
broad distribution in the ROX-GOX-FA-PAA conjugate. Part B of the figure selectively
uses a stain that binds PAA alone, and Part C of the figure stains only for protein.
Because in lane 7 part A, there is free GOx and free PAA, it is not of concern because
this should wash off during the ‘clean up’ process of making the GOx-HRPPAA/cellulose by washing in water.
Confocal microscope images clearly show that both the enzyme and the
polymer are confined to the cellulose fibers (Figure 4.7), which is consistent with the
interlocking of the conjugate in fibrous network of paper. Red fluorescence (top left)
shows the distribution of ROX-GOx on the fibers, the green fluorescence (top right)
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shows the distribution of FA-PAA on the fibers. The transmitted light is shown on the
bottom left, and the overlay of the three channels is shown in the bottom right. Overall,
the distribution of the two fluorescent components is even, thus showing that the
conjugate is evenly distributed over the fibers of the paper.
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Figure 4.6
Agarose gel electrophoresis of the fluorescence labeled conjugate ROX-GOx-FAPAA in solution (lane 8), and corresponding controls of unlabeled GOx (lane 1)
ROX dye (lane 2), labeled ROX-GOX (lane 3), PAA (lane 4), FA dye (lane 5),
labeled FA-PAA (lane 6), and physical mixture of ROx-GOx/FA-PAA (lane 7).
Samples were spotted at the negative side of the gel with loading buffer, and the
gel was run in Tris acetate buffer (40 mM pH 7.0) for 40 minutes. Each well is
highlighted in a white rectangle. The agarose gel was first imaged under a black
light, then stained for PAA with Carolina Blu indicator, and then stained for protein
with brilliant blue. The gel was destained with acetic acid for 3 hours before
imaging. Both PAA and GOx were successfully labeled, and conjugation of ROXGOx to FA-PAA occurred as expected.
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Figure 4.7
Multi-channel fluorescence microscopy images of filter paper taken at 10x
magnification. GOx was labeled with ROX dye (channel 1, red) and PAA was labeled
with FA dye (channel 2, green), then merged together (channel 4, overlay of red
green/gray). (A) Conjugate ROX-GOx-FA-PAA/cellulose was compared to the
corresponding controls of the (B) physical mixture ROx-GOx-FA-PAA/cellulose, and
(C) ROX-GOx/cellulose. Additional controls where only one component was labeled
are also shown. (D) The conjugate GOx-FA-PAA/cellulose and (E) for physical mixture
GOx/FA-PAA/cellulose. (G) The conjugate ROX-GOx-PAA/cellulose and (H) for the
physical mixture ROX-GOx/PAA/cellulose. Control of bare cellulose is shown in (F).
Microscope images clearly show that both the enzyme and the polymer are confined
to the cellulose fibers.
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4.5.3 Mercury Porosimetry
The porous structure of the conjugate within the filter paper (26 mg GOx total
enzyme loaded) was determined by mercury porosimetry. The measurements were
conducted automatically on an AutoPore IV 9500 V1.09 (Micromeritics, Georgia, USA).
Samples were sealed in a penetrometer, weighed, and subjected to mercury intrusion.
GOx-HRP-PAA/cellulose (loaded with 26 mg GOx) had a total pore volume of 0.65
mL/g, a total pore area of 14 m2/g, a median pore diameter of 3.2 µm, and porosity of
21%. The corresponding control of bare cellulose had a total pore volume of 1.4 mL/g,
a total pore area of 7.3 m2/g, a median pore diameter of 12 µm, and porosity of 48%.
The GOx-HRP-PAA/cellulose therefore exhibited 46% reduction in pore volume,
190% increase in total pore area, and 27% decrease in median pore diameter when
compared to bare cellulose.

	
  

106

Chapter 4
4.5.4 Loading and Retention of Enzyme in Filter Paper
Enzyme loading as a function of increasing GOx concentration (16, 30, 60, 90,
180 and 4 applications of 180 µM) was examined with excess EDC (1.1 M) so that
crosslinking will proceed even at high enzyme concentrations. The concentration of
COOH groups from PAA is in large excess compared to the number of lysine residues
in the system; therefore, varying the concentration of PAA did not affect the enzymatic
activity (Figure 4.8). The color intensity did not change significantly with respect to the
amount of PAA used in the interlocking, regardless of enzyme concentration, thus
indicating that even higher loadings of PAA should not affect enzymatic activity.
The GOx-HRP-PAA/cellulose wash was analyzed for enzyme by Bradford
assay. Bradford calibration of enzyme standards and of GOx-HRP-PAA/cellulose
washes are shown (Figure 4.9 A). Enzyme % Loading (g enzyme retained/g cellulose
*100) did not saturate in the range tested, confirming the system was not limited by
cellulose surface area. Loading increased as more enzyme was added. The highest
loading of 20.79±(0.03)% was achieved when a total of 26 mg of GOx was added
(4*180 µM) (Figure 4.9 B). Enzyme % Retention (g enzyme retained/g enzyme added
*100) also increased with increasing enzyme mass, with the highest retention of
97.0±(0.2)% for the 26 mg GOx sample, and exhibited less than 1% loss of enzyme
during subsequent washes, as quantified by Bradford assay of the wash (Figure 4.9
C). Because crosslinking probability increases as more GOx is added, high enzyme
retention is achieved with more crosslinking until no more enzyme-polymer can be
accommodated in the voids. Percent Loadings and Retentions are summarized (Table
4.1).
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We also find that higher molecular weigh PAA (450 k) increased efficiency of
enzyme loading (82-98%) when compared to that obtained with lower molecular weight
PAA (50-80%) (Figure 4.10). This may be because longer molecular weight polymers
have better capability of wrapping around large cellulose fibers, thus increasing
enzyme loading.
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Figure 4.8
Colorimetric assay of GOx-HRP-PAA/cellulose 30 minutes after the addition of
potassium iodide (0.3 M) and glucose (40 mM) with respect to increasing PAA
concentration (1, 5, 10, and 20 mM) used during synthesis. Two concentrations
of GOx were examined, (A) 16 µM and (B) 30 µM. EDC (100 mM) and HRP (3.2
µM) concentrations were maintained constant. (C) Colorimetric intensities were
scanned and plotted with respect to increasing concentration of PAA in GOxHRP-PAA/cellulose. The COOH concentration from PAA is in large excess
compared to lysine residues; therefore, varying [PAA] did not affect the
enzymatic activity.
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Figure 4.9
(A) Calibration graph of enzyme standards (1, 3, 5, 7, 8.5, and 10 µg enzyme in 0.1
mL) by the net absorbance at 595 nm of after adding Bradford reagent. Enzyme
standards of GOx (blue), GOx-HRP-PAA conjugate (red), and control of PAA without
enzyme (green) are shown. Net absorbance was calculated by subtracting the
absorbance of buffer and reagent from the mixture of enzyme and reagent. (B) Percent
loading of GOx (grams enzyme) per gram of paper. (C) The percent enzyme retained
within the paper was calculated by dividing the mass of enzyme retained by the original
mass of enzyme added, multiplied by 100.
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Table 4.1
Summary of Percent Loadings and Retentions of GOx-HRP-PAA in cellulose

	
  

Loading
(g enzyme loaded / g
paper *100)

% Loading
(g enzyme retained /g
paper *100)
by Bradford

% Retention
(g enzyme retained/g
enzyme added *100)
by Bradford

0.4763
0.8931
1.786
2.679
5.359
21.43

0.19±(0.05)
0.6±(0.1)
1.2±(0.1)
2.1±(0.2)
4.5±(3)
20.79±(0.03)

40±(10)
71±(12)
68±(8)
78±(8)
83±(7)
97.0±(0.2)
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Figure 4.10
Effect on enzyme retention when GOx (12 mg) is conjugated in the filter paper to two
different molecular weights of PAA (8 k or 450 k). Samples were washed three times
with distilled water, and enzyme content was quantified by the Bradford assay. The
percent enzyme retained within the paper was calculated by dividing the mass of
enzyme retained by the original mass of enzyme added, multiplied by 100. In all
experiments, total filter paper weight was ~270 mg. All samples were synthesized and
analyzed in triplicate. Error bars are provided but some are smaller than the points.
Higher molecular weigh PAA (450 k) increased efficiency of enzyme loading (82-98%)
when compared to that obtained with lower molecular weight PAA (50-80%).
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4.6 Enzymatic Properties and Stability of Interlocked GOx and HRP
Crosslinking within the pores was verified by washing the GOx-HRPPAA/cellulose three times with distilled water for 30 minutes. Nearly 100% enzymatic
activity was retained for the GOx-HRP-PAA/cellulose after washing (Figure 4.11).
Respective controls of GOx/HRP/cellulose and GOx/HRP/PAA/cellulose physical
mixtures, and GOx-HRP-PAA conjugate synthesized in solution then drop-casted onto
paper, all retained less than 30% of the conjugate activity. In another control, GOxHRP conjugate without PAA was made in the paper by the same EDC protocol and
indicated only 60±14% of activity after washing, which is far less than when the
synthesis was carried out in the presence of PAA (93±7%). Thus, PAA-mediated
crosslinking of the enzymes is essential for efficient interlocking in the paper.
Enzyme kinetics of GOx-HRP-PAA/cellulose was monitored by the gradual
increase in color intensity over 30 minutes (Figure 4.12 A). HRP, the second enzyme
in the cascade, is 100 times more efficient than GOx.71 We assumed the GOx reaction
rate was not significantly affected by the HRP reaction rate.68 The kinetic profile of
GOx-HRP-PAA/cellulose was therefore measured by varying glucose concentration (2
- 40 mM). Color intensity was quantified using ImageJ, and the kinetic traces were
plotted (Figure 4.12 B). From the initial slope of the kinetic trace, initial rates were
measured and fitted to the Michaelis-Menten model (Figure 4.12 C). Before washing,
the Vmax was 6(±0.5) mM/minute and the Km was 16(±2.7) mM. After washing, Vmax
increased slightly to 9(±1.4) mM/minute, and the Km remained nearly the same within
error at 22(±6.4) mM. The Vmax agrees with other reports.68 Km decreased slightly
compared to that of GOx in solution (25-27 mM), which is often attributed to the
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enzyme’s higher affinity to glucose when supported in a solid matrix.68 kcat before
washing was calculated as 5.6(±0.46) s-1, and more than doubled to 17(±2.6) s-1 after
washing. Enzymatic efficiency was therefore improved by washing so kcat of the
washed sample was similar to kcat for GOx in solution,68,72 which may be attributed to
improved diffusion of substrate through the material after the removal of excess PAA or
byproducts such as EDC-urea.

	
  

114

Chapter 4

Figure 4.11
Synthesis validation for the formation of GOx-HRP-PAA conjugate interlocked within
the pores of the paper. All samples were washed so that any unbound material would
diffuse out. GOx-HRP-PAA conjugate and respective controls of GOx/HRP and
GOx/HRP/PAA physical mixtures are shown. As a third control, a solution of GOxHRP-PAA conjugate was deposited on the filter paper one day after synthesis.
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Figure 4.12
Kinetics of GOx-HRP-PAA/cellulose after washing. (A) Monitoring color intensity over
time with respect to varying [glucose] (0, 2, 3.5, 4, 6, 8, 9, 20, 30 mM). Images were
scanned every 1 minute for the first 15 minutes, then every 5 minutes up to 60 minutes.
(B) Enzymatic kinetic traces drawn from the color intensities in panel A. Initial rates
were measured by the initial slope of the first 4-5 minutes. (C) Initial rates with respect
to glucose concentration, fitted to Michaelis-Menten.
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4.6.1 Stability Against Denaturants
The formation of GOx-HRP-PAA/cellulose interlocked with the fibers was
expected to allow the system to be washable. GOX-HRP-PAA/cellulose was immersed
in urea (5 M) or SDS (20% w/v) for 30 minutes or 3 hours, then washed with distilled
water three times to remove the denaturing agents. The retention of enzymatic activity
within paper was monitored by retention of color intensity relative to that before
washing (Figure 3.13). After 30 minutes, GOx-HRP-PAA/cellulose retained 100(±8)%
activity after urea, and 70(±8)% activity after SDS. GOx/HRP/cellulose and
GOx/HRP/PAA/cellulose controls retained 30% or less of their original activity after
washing for 30 minutes under similar conditions. After 3 hours, GOx-HRPPAA/cellulose retained 60% of activity after washing with SDS, and only 26% of activity
after washing with urea. Figure 4.14 summarizes all the relative percent activities
measured after washing in water, urea, or SDS.
Because enzyme inactivity in the physically adsorbed samples may happen
because of washing, and not because of being exposed to denaturants, a solutionphase study was done in the presence of these denaturants to confirm that these
concentrations were sufficient to inactivate the unconjugated enzyme. Solution phase
activities of GOx-HRP-PAA, GOx/HRP, and GOx/HRP/PAA were monitored in the
presence of urea (5 M) (Figure 4.15). Enzymatic rates were measured from the initial
slope of the kinetic traces and relative activity was calculated. All samples retained
≤5% activity in the presence of urea, which is in agreement with other reports.73 Thus,
the GOx-HRP-PAA/paper is stabilized enough that it can then regain activity once
removed from the denaturant.
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Typical wash cycles for fabrics are about 30 minutes and this enzyme-polymer
conjugate interlocked within paper may still be considered a washable system. A three
hour wash cycle is a very long cycle, and is usually not required, but even under these
harsh conditions, significant enzyme activity has been noted.
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Figure 4.13
Reversible chemical denaturation of (A) GOx-HRP-PAA/cellulose and physical mixture
controls (B)GOx/HRP/cellulose and (C) GOx/HRP/PAA/cellulose exposed to washing
under specific denaturing conditions such as 5 M urea or 20% SDS for 30 minutes.
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Figure 4.14
Reversible chemical denaturation of GOx-HRP-PAA/cellulose. Samples were washed
for 30 minutes (5 M urea or 20% w/v SDS), and then rinsed three times with distilled
water. Color development 30 minutes after the addition of potassium iodide (2 µL, 0.6
M) and glucose (40 mM) was measured (inset). Relative color intensity with respect to
each unwashed sample is shown.
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Figure 4.15
(A) Solution phase kinetic traces of GOx-HRP-PAA (solid red line) and respective
controls of GOx/HRP (solid black line) and GOx/HRP/PAA (solid green line) physical
mixtures. Glucose oxidase (0.5 µM) and HRP (0.1 µM) were mixed with phosphate
buffer (10 mM, pH 5.5), and guaiacol (10 mM). A solution of glucose (2 mM) was
added to the solution and absorbance at 470 nm was monitored. Activity was also
monitored in the presence of urea (5 M), where the urea was added to the GOx
solution 30 minutes before assaying. (B) Relative initial activity was calculated by
measuring the slope of the first 20 seconds of the kinetic trace and normalizing it
against GOx/HRP in the absence of urea. All samples retained ≤5% activity in the
presence of urea.
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4.6.2 Long-Term Stability
The long-term stability of the GOx-HRP-PAA/cellulose against denaturation or
washability in water was also monitored. Samples were stored in an airtight container
to monitor room temperature stability of dry samples or immersed in distilled water.
Colorimetric activity was monitored with respect to time (Figure 4.16). Samples stored
at room temperature retained ≥85% over 30 days, with a 0.6±0.17% decrease per day,
and from the data we estimate the half-life to be 90±6.5 days. We also examined the
aqueous stabilities of the sample stored in water. The enzymatic activity after storage
indicated a loss of 3±1.2% activity per day. This corresponded to a half-life of 15±3.0
days, which is much shorter than storage under dry conditions. This increased loss
could be due to more rapid denaturation of the enzyme and/or activity loss of the
biocatalyst.

	
  

122

Chapter 4

Figure 4.16
Long-term stability of GOx-HRP-PAA/Cellulose stored at room temperature (black
squares) and immersed in a water bath (blue circles). Color scans of test strips 30
minutes after addition of potassium iodide (2 µl, 0.6 M) and glucose (40 mM) are
shown (inset).
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4.7 Concluding Remarks
Formation of a crosslinked enzyme-polymer network within the pores of filter
paper, without the need for direct covalent attachment or surface modification, has thus
been demonstrated. The physical entrapment of the conjugate in the pores of cellulose
is analogous to a spider’s web, where the spider’s threads are non-covalently
interlocked together. This is the first example where the interlocked enzymes in the
pores of the paper are stable, active, and withstood washing for an extended period of
time. The samples showed resistance to chemical denaturation and the entrapment in
the
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Chapter 5. A Modular Approach for Interlocking Enzymes in
Whatman Filter Paper using Bovine Serum Albumin
5.1 Abstract
We report a potentially universal approach for enzyme attachment to cellulose
that significantly enhances enzyme stability while also retaining high activity, which does
not involve any chemical functionalization of cellulose. In our design, bovine serum
albumin (BSA) was interlocked in the fibrous mesh of cellulose to form a protein-friendly
surface (termed BSA-Paper), and the BSA surface provides numerous COOH and NH2
groups for the attachment of enzymes. The desired enzyme is then mixed with
additional BSA and interlocked into the fibers of BSA-Paper. The second BSA layer acts
as ‘packing peanuts’ to dilute and crosslink the enzyme layer for improved stability.
Laccase was tested as a model enzyme, because of its important biofuel cell
applications and its poor stability at room temperature. ‘Peanut-packed’ laccase in BSAPaper retained over 100% activity and was 240 times more stable at 25 °C (half life =
180 d) than laccase. This new approach was also tested with a few other enzymes with
encouraging results, thus providing a potentially universal method for stabilization of
enzymes on cellulose with the retention of high activities.
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5.2 Introduction
Currently, developing a universal method for the benign attachment of enzymes
on to cellulose surface is an unmet challenge. Cellulose is inert and resistant to the
adhesion of most biomolecules, and therefore, the cellulose surface is chemically
activated prior to bioconjugation of enzymes.74 While methods of enzyme attachment to
cellulose via adsorption, covalent binding, encapsulation, entrapment, or crosslinking by
reagents such as glutaraldehyde exist, each of them have to be tailored for a given
enzyme.75–79 Cellulose is an attractive material for enzyme attachment, however the
hydroxyl groups on cellulose are to be functionalized before covalent attachment.80
Alternatively, aldehyde, carboxyl, or epoxy groups are generated on the cellulose matrix
to covalently link with amine groups on the protein.81 Many of these methods are prone
to enzyme inactivation, and no single conjugation chemistry works for all enzymes.
In the previous chapter, we showed that glucose oxidase and peroxidase can be
interlocked in filter paper by covalent conjugation with poly(acrylic acid) (PAA) via
carbodiimide chemistry in the paper, without any need for functionalization of the
cellulose support. This method however, is not suitable for enzymes that do not have
sufficient number of lysine residues to attach to the carboxylic acid groups of PAA, or for
enzymes that can become inactivated by PAA, and not suitable for enzymes that are
sensitive to cellulose. To overcome the above limitations, we report a novel method for
a potential universal approach for indirect enzyme attachment onto cellulose fibers with
high retention of enzyme activity as well as large improvements in enzyme stabilities.
We show that a two-layer approach using bovine serum albumin (BSA) as a first
passivating layer to reduce direct contact between the enzyme and the cellulose and
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then use BSA as a ‘packing-peanut’ second layer to stabilize the enzyme in the top
layer (Scheme 5.1). Thus, these cellulose-interlocked enzymes have no need for
refrigeration and overcome the limitations of a cold-chain for storage or transport. This
two-layer approach is more effective at stabilizing the catalytic enzyme long-term when
compared to the single-layer approach used earlier.
BSA is often used to passivate sensor surfaces to reduce non-specific binding,
and was used to passivate chitosan nanofibers before the attachment of laccase via
glutaraldehyde, but their lack of a second layer of BSA (lacking the peanut-packing
layer) retained only 50% activity of the enzyme after 14 days at 4 °C (with 7% activity
retention on the first day).78 Our two-step one-pot approach for enzyme stabilization has
not been reported, and it appears to be essential for the development of stable and
catalytically functional enzyme-paper biocatalysts, biosensors or biomaterials.
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Scheme 5.1
Interlocking of Enzymes with BSA in Whatman filter paper by carbodiimide chemistry
results in a highly stable, active, and washable biomaterial
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5.2.1 Bovine Serum Albumin: The Bio-Polymer
BSA was chosen for enzyme interlocking and peanut-packing in cellulose fibers
for a variety of reasons: (1) serum albumin is the major protein component of serum and
it has been presumably evolved in nature as a universal stabilizer for a large variety of
proteins that are present in serum;82 (2) It is known to bind strongly to surfaces and
make them protein-friendly so that enzymes that come in contact with its surface are
less likely to become inactive;8,83 (3) It has a large number of carboxylic acid (59 Glu, 40
Asp) as well as amine (59 Lys) side chains available for crosslinking with
complementary functional groups on enzymes via standard carbodiimide chemistry;84
(4) it is a biodegradable alternative to synthetic polymers;85 (5) has the added
advantage that it has binding sites for a number of natural/non-natural ligands ligandbinding properties, and it is a widely-abundant and inexpensive protein as a waste byproduct from the meat industry.86
Combining the properties of BSA with those of cellulose therefore makes an ideal
choice for enzyme loading.
5.2.2 Model Enzyme: Laccase
Laccase (Lacc) from Trametes versicolor, a multicopper oxidase enzyme that
catalyzes the oxidation of phenols,87 was chosen as a model enzyme because its widespread use provides a variety of significant challenges. It has very poor stability at room
temperature (half life was measured to be ~0.75 day (less than one day at room
temperature) and functions only over a narrow pH range (~3.8-6.5),88 and these factors
hamper its application in biofuel cells, ethanol production, biosensors, textile and food
industries, and wastewater treatment.89,90 It is susceptible to a variety of anionic
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inhibitors such as azide, halides, cyanide, thiocyanide, fluoride, and hydroxide as well
as metal ions/metal chelators.91,92 The production of thermostable laccases involves
modifications of the method of laccase production, or modification of the amino acid
sequence of laccase – which are laborious and expensive methods.93,94 Thus, we
developed here a simple, robust, and inexpensive method to stabilize commercially
available laccase from Trametes versicolor using BSA-paper and our two-step-one-pot
approach.
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5.2.3 Layered-Approach: Passivation of the Cellulose in the 1st Layer, and Dilution
of Enzyme in the 2nd Layer
Our approach has two steps: (1) covalent formation of BSA network around the
fibers in the cellulose using 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC)
chemistry by depositing a solution onto the cellulose surface, wherein the interlocking of
the BSA molecules occurs (Scheme 5.2 top row). The reaction proceeds at room
temperature until dry and the BSA-Paper is ready for attachment of more BSA and the
enzyme in the second layer, which is then dried at room temperature and washed to
remove unreacted reagents and urea byproduct. Because of the non-specific nature of
EDC chemistry that occurs between amine (-NH2) and carboxylic acid (-COOH) groups,
it is facile to create the protein-enzyme network around the fibers of the paper. The twostep strategy is therefore done to first passivate the cellulose fiber surface while also
providing additional functional groups for the attachment of the second layer (Scheme
5.2, second row). The BSA in the second layer also functions as a spacer between
laccase molecules so that laccase-laccase crosslinking is minimized, fills voids around
the enzyme in this layer, and provides a more complete support around the enzyme for
increased stability against denaturation. Additionally, the large number of amine and
carboxylic acid groups of BSA in the second layer provides a highly crosslinked network
which facilitates the stabilization of the enzyme by retaining its conformation under
desirable conditions.95
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Scheme 5.2
Diagram depicting the design of paper-based enzyme support. (Top) Interlocking of
catalytic enzyme and BSA in a single-layer approach onto filter paper using
carbodiimide chemistry. (Middle) Biofunctionalization of the cellulose support by
interlocking BSA in the fibrous paper network via carbodiimide chemistry to make BSAPaper (bottom layer) followed by catalytic enzyme interlocked with additional BSA, and
attached to the BSA-Paper surface (top layer). XRD courtesy of Megan Puglia.
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5.3 Method of Preparation of Enzyme-BSA/BSA-Paper
5.3.1 Materials
Ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC) was purchased from TCI
America (Portland, OR, USA). Poly(acrylic acid) (PAA, Mw = 8,000, PDI = 2.5-2.0) was
purchased from Sigma-Aldrich (St. Louis, MO, USA). Filter paper (Whatman Grade 1,
42.5 mm diameter, typical 180 µm thickness, 87 g m-2 weight, and with 11 µm pore size)
was purchased from Sigma-Aldrich. Bovine serum albumin (BSA) was purchased from
Equitech-Bio Inc (Kerrville, TX, USA). Laccase was purchased from (Sigma-Aldrich,
0.92 U/mg), glucose oxidase was purchased from (Sigma-Aldrich, ≥100,000 U/g),
peroxidase was purchased from (Calzyme Laboratories, Inc. (San Luis Obispo, CA),
230 U/mg) and lipase was purchased from (Sigma-Aldrich, 700 ≥U/mg). 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) was purchased
from Sigma-Aldrich. Sodium phosphate dibasic, citric acid, brilliant blue G250, sodium
bicarbonate, dimethyl sulfoxide (DMSO), fluorescein-5-isothyocyanate (FITC), and
5(6)carboxy-x-rhodamine N-succinimdyl ester (ROX) were all purchased from SigmaAldrich.
5.3.2 Synthesis of BSA-Paper (bottom layer)
Bovine serum albumin (30 µM), citrate-phosphate buffer (pH 4.5, 20 mM phosphate and
10 mM citric acid) were mixed together. EDC (100 mM) was then added to the mixture,
quickly mixed, then 227 microliters were drop cast onto Whatman filter paper. All
samples were left to air dry at room temperature for about 1 hour.
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5.3.3 Synthesis of Enzyme-loaded BSA-Paper (top layer)
Several samples were synthesized by either the single-layer or the two-layer
approach, Table 5.1. All single-layer approach samples were synthesized on plain filter
paper, while the two-layer approach samples were synthesized using BSA-Paper. In
control samples where PAA was used, equal molar concentration of PAA, or BSA+PAA
was held at 60 µM total. The total concentration of BSA or PAA used in the single-layer
or two-layer approach was held constant (60 µM).
Samples were prepared by first mixing PAA, BSA, buffer (pH 4.5, 20 mM
phosphate and 10 mM citrate), and distilled water. The catalytic enzyme (Enz) was then
added to the solution so that final enzyme concentrations were 10 uM laccase (Lacc),
10 µM lipase (Lip), 16 µM glucose oxidase (GOx) and 3.2 µM peroxidase (HRP). All
enzymes were prepared in distilled water and centrifuged to remove particulates before
synthesis. Enzyme concentrations were held constant across all samples. Finally,
excess EDC was added, mixed, then drop cast onto Whatman filter papers and allowed
to dry. BSA, PAA, and EDC concentrations are illustrated in Table 5.1. All samples
were prepared in triplicate on separate Whatman filter papers.
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Table 5.1
Synthesis of Enzyme-loaded papers under specific conditions.
Sample Name
[BSA]
[PAA]
Enz/Paper
Enz-BSA/Paper
60 µM
Enz-BSA/BSA-Paper
30 µM
Enz+EDC/Paper
Enz-PAA/Paper
60 µM
Enz-BSA-PAA/Paper
60 µM
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[EDC]
100 mM
100 mM
100 mM
100 mM
100 mM
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5.3.4 Varying of BSA loading in BSA/BSA-Paper
Optimization of the two BSA layers in the Enz-BSA/BSA-Paper samples was
done by varying the amount of BSA loaded in each layer. Concentrations and their
corresponding masses of BSA loaded (mg BSA/g paper) in the bottom layer were 30,
60, or 180 µM which corresponds to 4, 8, or 16 mg BSA/g paper. The synthesis of the
bottom layer BSA-Paper was followed as above. The amount of BSA loaded in the top
layer was also varied by 30, 60, or 180 µM, or 4, 8, or 16 mg BSA/g paper, respectively.
Synthesis of BSA in the second layer was carried out as explained above. Excess EDC
was used in all preparations (100 mM).
5.3.5 Washing of Samples
Once samples were synthesized accordingly, samples were then washed three
times in 25 mL of distilled water to remove any byproducts, excess reagents, etc. Each
wash was saved for protein quantification. Samples were then left to air dry for an
additional hour before further analysis. If storing for long-term, all samples were kept in
a sealed plastic bag in order to minimize contamination or bacterial degradation.
5.3.6 Methods of Characterization
Confocal fluorescence microscopy was performed similar to the previous chapter, only
instead of PAA, BSA was labeled with a different green dye, fluorescein isothiocyanate
(FITC). BSA in the top layer was labeled with FITC dye. A 20 mg/mL BSA solution was
first prepared in sodium bicarbonate buffer (pH 9.0, 0.1 M). A stock solution of FITC was
prepared in DMSO at 10 mg/ml. About 5% of the BSA was labeled with FITC. FITC was
slowly added to the BSA and reacted in the dark for 4 hours. Both BSA-FITC and BSAROX were purified by dialysis (15,000 MWCO dialysis membrane). The labeled BSAs
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were dialyzed in 400 times the volume using phosphate buffer (10 mM, pH 7.0) and
decreasing sodium chloride concentration per dialysis cycle (0.75 M, 0.50 M, 0.25 M, 0
M, 0M, 0M). The BSA-paper synthesis was followed accordingly with BSA-ROX for the
bottom layer, and accordingly with BSA-FITC for the top layer. All samples were
washed before analysis using a confocal fluorescence microscope. Fluorescence
images were collected using a Nikon A1R confocal fluorescence microscope equipped
with a 10x dry objective lens according to previously reported methods.61,95 Filter paper
samples were placed directly on the microscope stage. The FITC dye was excited by a
405 nm argon laser (power level 6.4) and fluorescence emission was monitored at 525
nm with a PMTHV of 112. ROX dye was excited by a 558 nm argon laser (power level
4.2) and monitored at 595 nm with a PMTHV of 92). Transmitted light was monitored
using a PMTHV of 132. The instrument pinhole was set to setting 1.2 (19.2 µm). Zstack (3-D volume image) was obtained by taking 20 image slices every 2.8 nm.
Field-emission scanning electron microscopy was performed on a JEOL-6335F
scanning electron microscope with a LaB6 filament, and an accelerating voltage of 10
kV, respectively. The paper samples were sputter-coated with gold using Edward
Evaporator/sputter coater prior to SEM examination.
Retention of protein loading in the paper after EDC conjugation was done by
analyzing the washes using the protein quantification Bradford assay.96 BSA was used
as a standard for calibration of the Bradford reagent with respect to protein
concentration.
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Thermogravimetric analysis (TGA) was done by loading about 7 milligrams of
sample into the pan of the TGA (TA Instruments TGA Q-500). Samples with varying
amounts of loaded Lacc/BSA were heated up to 800 °C.
X-Ray Diffraction (XRD) studies were done using a Rigaku Ultima IV with a
Copper Kα x-ray source (1.5418 Å). The samples were prepared on Whatman 1 filter
paper with either bare cellulose, one-layer interlocked BSA, or two-layer interlocked
BSA accordingly, and were then cut to fit the XRD sample holder. Small strips of tape
were used on either side of the sample to secure it to the holder, inhibiting the sample
from curling or rising off the glass. The sample was run at a scan speed of 2˚/minute at
40 kV and 44mA. Each sample was normalized to the 22.7-degree peak.
Colorimetric enzymatic activity was measured by known activity assays for each
respective enzyme system. Triplicate samples were hole-punched out of the
synthesized filter papers. For laccase, a solution of ABTS (5 mM, pH 4.5, 7 microliters)
was added to individual hole-punched circles and the increase in blue-green color over
time was measured by using a scanner (Canon scanner, color setting, 600 dpi
resolution, no color adjustment) at specific time intervals (3, 6, 8, 10, 13, 15, 20, 25, 30,
40, 50, 60 minutes after addition of ABTS). For lipase, a solution of 4-nitrophenyl
acetate (1.5 mM p-nitrophenyl acetate, x pH, 7 microliters) was added to individual holepunched circles and the increase in yellow color over time was measured using a
scanner at specific time intervals (5 minutes after the addition of 4-nitrophenylacetate).
For the glucose oxidase/peroxidase system, activity was measured by adding
glucose (2 mM glucose) and ABTS (2 mM ABTS) at pH (7.4, 20 mM phosphate buffer).
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The increase in blue-green color was scanned at specific time intervals (3, 4, 5, 6, 7, 8,
9, 10 minutes after addition of glucose/ABTS substrate mixture)
The color intensities for all above samples were digitally recorded and analyzed
using Image-J histogram software, and color intensity versus time was plotted. The
initial rate of activity was measured by taking the slope of the initial linear increase in
color intensity. For all samples, blank paper without any catalytic enzyme was assayed
and the rate of the blank was subtracted. Rates were then averaged, and relative rate
was calculated dividing the rate of each sample by the rate of unwashed laccase at day
zero. In some cases, the enzymes were more active than the enzyme alone on paper
(Enz/Paper), which has been observed before for other Enz-PAA samples in solution.6,7
Long-term stability studies were analyzed using the above activity assay. All
samples were stored in zip-lock bags to minimize contamination, either in the
refrigerator (~4 °C) or at room temperature (~25 °C). Samples were assayed for activity
with respect to storage time (days). Relative activity was calculated with respect to the
enzyme unwashed at day zero. Half-life of each sample was calculated by linear
extrapolation, for when the sample would reach 50% of its original activity after washing.
Recyclability studies were done by heterogeneous catalysis, reacting holepunched samples in a solution of substrate until no more product was produced. The
consumed substrate solution was replaced with fresh substrate and repeated until no
more product was produced. For lipase, 3 hole-punches (approximately 0.12 µM lipase)
were immersed in a solution of substrate containing 4-nitrophenyl acetate (3 mM) in
phosphate buffer (pH 7.4, 10 mM). The amount of product produced calculated by
measuring the A405 of the solution after 15 minutes, and concentration was calculated
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using the product extinction coefficient (12800 M-1cm-1).97 For glucose oxidase and
peroxidase, 2 hole-punches (approximately 0.13 µM GOx and 0.03 µM HRP) were
immersed in a solution of substrate containing glucose (1 mM) and ABTS (3 mM) in
phosphate buffer (20 mM, pH 7.4). The amount of product produced was calculated the
A420 of the solution after 40 minutes, and the concentration was calculated using the
extinction coefficient (26600 M-1cm-1).98
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5.4 Characterization of Enzyme-BSA / BSA-Paper
5.4.1 Material Properties of the Enzyme-BSA/BSA-Paper
The porosity of the BSA-Paper is not significantly altered from that of original
Whatman filter paper due to this protein layers, because the total protein loaded is too
small to influence the pore diameter significantly).79 Scanning electron microscopy
(Figure 5.1) of the BSA/BSA-Paper show the unchanged morphology of the coated
fibers when compared to unmodified filter paper. Thus, BSA/BSA-Paper is formed
around the cellulose fibers and the porosity of the paper is maintained compared to filter
paper alone. Liquid media can therefore quickly and freely access the internal networks
of the enzyme/paper matrix.
Distribution of BSA in the top and bottom layers is also shown by confocal
fluorescence microscopy (Figure 5.2). BSA used to form the bottom layer was labeled
with 5(6)carboxy-x-rhodamine N-succinimdyl ester (red fluorescence), while BSA in the
top layer has been labeled with fluorescein isothiocyanate (green fluorescence). The
red and green fluorescence is more or less evenly distributed across the filter paper and
there are no large domains of only red or only green fluorescence, indicating mostly
even distribution of the top and bottom layers of BSA. The crystallinity of the fibers is
also retained after the network formation (Scheme 5.2, bottom right) as shown by the
XRD indicating typical semi-crystalline cellulose structure, with its characteristic
diffraction peaks at 2 θ = 14.7, 16.8, and 22.7.99 These peaks do not shift regardless of
the single-layer (red line, BSA-Paper) or two-layer (green line, BSA/BSA-Paper)
approach of adding BSA. The cellulose fiber structure is therefore unchanged even after
interlocking of BSA around the cellulose fibers.
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Figure 5.1
Scanning electron microscopy images of (a) two-layer Lacc-BSA/BSA-Paper, (b) singlelayer Lacc-BSA/Paper, (c) single-layer BSA-Paper, and (d) filter paper alone.
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Figure 5.2
Confocal fluorescence microscopy of (A) two-layer BSA/BSA-paper and (B) uncoated
filter paper (no BSA). BSA in the top layer is labeled with FITC (green, top right
quadrant) and BSA in the bottom layer is labeled with ROX (red, top left quadrant).
Transmitted light of the filter paper is shown in the bottom right quadrant, and the
overlay of all three (red, green, and transmitted) is shown in the bottom left quadrant.
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5.4.2 Quantification of Protein Loading on Paper
In developing a universal enzyme platform, it’s important to ensure that most, if
not all the immobilized enzyme is retained in the paper, so as to not lose expensive
enzyme when washed. We expected that the increased number of attachment points
provided by the BSA-Paper would enhance laccase loading on paper compared to
adsorption or single-layer interlocking (Figure 5.3A). Once interlocking of the enzyme in
the BSA-paper was complete, the samples were thoroughly washed three times in
excess water, and the washes were measured for total protein release by standard
Bradford assay (Figure 5.4). By fluorescently labeling BSA and measuring the
fluorescence intensity in the wash, we were able to measure the amount of BSA present
in the wash solution. The mass of laccase washed off was calculated by subtracting the
amount of BSA washed off from the total amount of protein washed off. Protein loading
per gram of paper was then calculated by dividing the retention of enzyme by the
average mass of one filter paper (about 0.122 g) (Figure 5.3B, C). Virtually all of the
laccase conjugated in the two-layer Lacc-BSA/BSA-Paper was retained (94±11%,)
versus one layer Lacc-BSA/Paper (36±23%). About 70% of BSA added is retained
when no EDC is used (Lacc/BSA/Paper), and increases to ~80% and 90% retention of
BSA in the single-layer and two-layer approach. Thus, two-step linking is more efficient
in protein retention than one-step, which is anticipated (10.4±0.2 mg protein per g paper
in two-layer versus only 7.4±0.1 mg BSA per g paper for one-layer).
Thermogravimetric analysis (TGA) of the interlocked samples confirmed protein
loadings, and it indicated that more protein was present on the two-layered BSA-paper
when compared to both single-layer BSA as well as paper alone (Figure 5.5) When
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comparing the remaining weight percent at 400 ˚C, an increase in remaining weight
percent of protein which correlated with the increase in protein loading that was
observed by Bradford and fluorescence assays. About 7.7 wt% was remaining for twolayer Lacc-BSA/BSA-Paper, 4.9 wt% remained for two-layer BSA/BSA-Paper without
laccase, and only 2.8 wt% remained for the physical mixture single-layer BSA-Paper.
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Figure 5.3
(A) Scheme representing the effects of protein retention with respect to
adsorption (left) single-layer (middle) or two-layer (right) interlocking methods. (B)
Milligrams of total protein loaded (laccase in light blue or BSA in light green) per
grams of paper, for Lacc/BSA/Paper physical mixture (black, no EDC), singlelayer Lacc-BSA/Paper (red), or two-layer Lacc-BSA/BSA-Paper (green). (C)
Relative Percent of BSA or laccase retained in filter paper after washing.
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Figure 5.4
Calibration plot for known BSA standards using the Bradford reagent.
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Figure 5.5
Thermogravimetric analysis of paper samples loaded with two-layer Lacc-BSA/BSAPaper (blue), two-layer BSA/BSA-Paper (green), single-layer BSA-Paper (red), and
ordinary filter paper (black).
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5.5 Enzymatic Properties of Interlocked Laccase
The catalytic enzyme laccase was embedded in the BSA network in the top
layer. Once the BSA-paper was synthesized, the top layer was made by mixing laccase
(10 µM), BSA (30 µM), and EDC (100 mM), depositing the solution on the cellulose
surface until the filter paper is evenly coated, and then leaving the solution to dry under
ambient conditions at room temperature for about 40 minutes. Once dry, the samples
were washed in distilled water and dried again under ambient conditions and then
stored in the dark in plastic bags to limit contamination.
5.5.1 Retention of Enzymatic Activity After Interlocking
The stabilizing effects of BSA-paper on networked laccase were measured by
colorimetric

assay

using

2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic

(ABTS).100 The Lacc-BSA/BSA-paper was compared to controls,

acid)

(Laccase/paper

adsorbed on filter paper, no EDC) Laccase and BSA crosslinked in filter paper (LaccBSA/paper), laccase crosslinked to itself in filter paper (Lacc + EDC/paper), laccase
crosslinked with PAA in the filter paper (Lacc-PAA/paper), and the combination of
laccase crosslinked to BSA and PAA in filter paper (Lacc-BSA-PAA/paper).
Colorimetric activity was measured as a function of pH by adding ABTS, which
forms a green-blue product that can easily be scanned and color intensity quantified by
ImageJ software (Figure 5.5). Enzyme activity was measured immediately after
synthesis before washing (Figure 5.6 A) and after washing (Figure 5.6 B). To compare
the effect of conjugation to the activity of the enzyme, relative percent activity was
calculated by measuring the initial linear increase in color (Figure 5.5) and normalizing
by dividing each sample by the rate obtained with unwashed laccase, then multiplying
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by 100 (Figure 5.6 C). Laccase unconjugated in ordinary filter paper (black,
Lacc/Paper, no EDC) showed less than 10% activity after washing, likely due to the low
adsorption of the enzyme to paper. Conjugating laccase and BSA both onto paper (red,
Lacc-BSA/paper)

and

on

BSA-paper

(green,

Lacc-BSA/BSA-Paper)

enhanced

enzymatic activity when compared to unwashed laccase (~120% for both). Laccase
conjugated to itself on filter paper (light blue, Lacc+EDC/paper) showed about 30%
activity compared to laccase alone, and no significant activity was retained. About 80%
activity was retained when laccase was conjugated to PAA (dark blue, LaccPAA/paper), but activity retention increased to 110% when BSA was added in addition
to PAA (purple, Lacc-BSA-PAA/Paper). This is likely because BSA is helping to stabilize
by preventing the self-crosslinking of the enzyme in the second layer, which could lead
to a decrease in activity,101 and BSA-packing in this layer may provide a more favorable
microenvironment for the enzyme for activity retention.
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Figure 5.5
Increase in ImageJ color intensity of laccase samples after adding ABTS substrate, at
day zero after washing.
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Figure 5.6
Laccase activity (minutes, min) measured by ABTS assay of (A) unwashed and (B)
washed samples. Blue color intensity increased upon the addition of ABTS substrate
over 50 minutes. (C) Relative percent activity was calculated by measuring the initial
increase in color intensity of each sample, and normalizing each sample against the
rate observed with the laccase sample in cellulose as 100%, before washing.
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5.5.2 Stability Against pH
The dependence of laccase activity as a function of pH was measured for all
samples to obtain the optimum pH. Colorimetric activity of all samples was measured by
ABTS and varying the buffer pH of the assay, and measuring the initial rate (increase in
color) with respect to time (Figure 5.7 A). This pH-profile had significantly changed for
each of the sample, and significant improvements in activities have been observed for
most samples (Figure 5.7 B). Two-layer Lacc-BSA/BSA-Paper and single-layer LaccBSA/Paper exhibited slightly higher activity at more acidic pH when compared to
lacc/paper (pH 2-4.5), with an optimum pH of about 3.5. When compared relative to
each sample’s optimum pH however, (Figure 5.7 C) all samples had similar pH profiles
and little to no pH broadening was observed, indicating that the catalytic activity and
optimum pH of all samples is about 3.5-4.5, which agrees with the optimum pH of
unmodified laccase on filter paper. Laccase is therefore not undesirably modified by
covalent linking with BSA and/or PAA within the cellulose fibers. Non-specific crosslinks
between BSA and laccase, as well as the underlying first layer of BSA increased the pH
stability of laccase.
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Figure 5.7
(A) Colorimetric activity scans of Lacc samples 50 minutes after reacting with ABTS
substrate. (B) Enzymatic activity rates of two-layer Lacc-BSA/BSA-paper (green)
exposed to ABTS with respect to pH. Controls include single-layer laccase on filter
paper (black), Laccase and BSA crosslinked together on filter paper (red), laccase
crosslinked to itself in filter paper (light blue), laccase crosslinked with PAA on filter
paper (dark blue), and the combination of laccase crosslinked to BSA and PAA on filter
paper (purple). (C) Relative percent activity of laccase samples with respect to pH. Each
sample is normalized to 100% at their optimum pH.
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5.5.3 Long-Term Stability (Storage at 25 ˚C or 4 ˚C)
The long-term stability of the catalytic enzyme at various storage temperatures is
also of interest, as many biomaterial applications require the enzyme storage. Although
thermal stability of immobilized laccase from trametes versicolor under at 4 °C has been
reported the stability of immobilized at room temperature after immobilization however is
not well known. Some reports of laccase stability at 4 °C report high stabilities such as
>70% active after 42 days when encapsulated in polyethyleneimine micocapsules
adsorbed on cellulose, or even 55% activity after 55 days when using BSA/chitosan
nanofibers.75,78 Room temperature stability however, is essential for practical
applications. Thus, the activity retention at 25 ˚C and 4 ˚C was measured as a function
of storage time at these temperatures (Figure 5.8). Samples were analyzed for
colorimetric activity using ABTS at specific time intervals of storage under controlled
conditions. Relative percent activity was calculated with respect to storage time for each
of the samples, normalized against the activity of each respective sample unwashed at
day zero. Normalization against laccase unwashed at day zero is also reported (Figure
5.9). Immobilized laccase was expected to have significantly higher stability compared
to laccase alone with values as high as 100 days ore more, compared to Lacc/Paper
which lost nearly all of its activity in less than one day when stored at room temperature.
Room temperature stability was significantly enhanced (Figure 5.8 A). LaccBSA/BSA-Paper had 100-fold increase in half-life compared to laccase, while singlelayer Lacc-BSA/Paper had a half-life only 15 times longer than laccase, and Lacc-BSAPAA/Paper was 30 times longer in half-life compared to laccase. All other control
samples showed no significant increase in half-life. The underlying BSA layer is
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therefore essential when long-term stability of the biomaterial is required. Assuming that
the BSA is a sphere, we are coating about 15% of the total surface area of cellulose,
and therefore more BSA could be loaded in the bottom layer. The effect of BSA loading
in the top and bottom layer on the storage stability of laccase will also be discussed, as
it is expected that the amount of BSA in each layer should affect the stability.
Storage at 4 °C (refrigerator) showed that Lacc-BSA/BSA-Paper had a 5.5-fold
increase in half-life when compared to laccase on paper, and it was higher than any of
the other controls (Figure 5.8 B). Single-layer Lacc-BSA/Paper had a half-life only 2.3
times longer than laccase, and Lacc-BSA-PAA/Paper was 1.6 times longer in half-life
compared to laccase. All other control samples showed no significant increase in halflife. Our Lacc-BSA/BSA-Paper also showed much higher activity retention compared to
other methods reported in literature, which is currently a major problem when reports
give stability but no relative activity or vice versa.
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Figure 5.8
Activity of two-layer Lacc-BSA/BSA-paper (green) with respect to storage time, (a) at 25
°C and (b) at 4 °C. Specific controls include laccase on filter paper (black), laccase and
BSA crosslinked together on filter paper (red), laccase crosslinked to itself in filter paper
(light blue), laccase crosslinked with PAA on filter paper (dark blue), and the
combination of laccase crosslinked to BSA and PAA on filter paper (purple).
A

B

Figure 5.9
Long-term stability plots for (A) laccase samples stored at 4 °C or (B) laccase samples
stored at 25 °C. All samples are relative to laccase unwashed at day zero.
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5.5.4 Stability with Respect to BSA Loading
In order to further enhance the stability of the Lacc-BSA/BSA-Paper, optimization
of the network architecture was achieved by varying the amount of BSA loaded in the
top and bottom layers. The underlying hypothesis is that more BSA should enhance the
stability, as it provides additional crosslinks, which reduces the conformational entropy
of the enzyme, and it may also make the layers denser to prevent access to bacteria or
proteases, thereby increasing the storage life.
The amount of BSA in the top and bottom layers was therefore varied, (4, 8, or
16 milligrams of BSA per gram of paper). The amount of laccase loaded in the top layer
was held constant, and at all loadings of BSA it was found that nearly 100% of the
enzyme was retained in the paper after washing (Figure 5.10).
All samples were stored at 25 °C and activity using ABTS was measured at
specific time intervals over nearly 80 days (Figure 5.11). Half-lives were extrapolated by
the linear fit to the decrease in enzymatic activity over time after washing (measured
starting at 0.5 days) (Figure 5.12). Respective errors for each half-life approximation
are listed in Table 5.2. With increasing amount of BSA loading in the top layer, laccase
half-life generally increased but optimum storage stability was seen at a certain loading
(4 or 8 mg BSA per g paper in the bottom layer, and at 8 mg BSA per g paper in the top
layer), thus extending the projected half-life to about half a year (160-180 days of
storage at 25 ˚C). Overall, if too much or too little BSA is loaded in the top or bottom
layers, then decreased half-life is observed, likely because of too little or too much
crosslinking between the laccase and BSA. Thus, both layers need to be optimized for
BSA loadings but this approach should also be feasible to stabilize other enzymes,
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either positively charged or negatively charged. The same optimum BSA loading
parameters were used to test the universal applicability of using two-layer BSA-paper
interlocking with other enzymes (4 mg BSA in the bottom layer and 8 mg of BSA in the
top layer).
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Figure 5.10
Relative percent retention of BSA after washing BSA/BSA-Paper samples, as quantified
using the Bradford assay. BSA in the bottom layer and in the top layer was varied
during synthesis.
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Figure 5.11
Optimization for long-term stability of Lacc-BSA/BSA-Paper with varying amounts of
BSA loaded in the top and bottom layer (4, 8, or 16 mg of BSA loaded/ g of paper).
Activity was measured at specific time intervals. All samples were stored at room
temperature (~25 °C). Half-lives were calculated by extrapolation, at 50% activity with
respect to each sample after washing (0.5 days).
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Figure 5.12
Half-life of Lacc-BSA/BSA-Paper samples using specific BSA loadings in the top or
bottom layer. All samples were stored at room temperature (~25 °C, y-axis indicates
4˚ while the text also says 25˚) and enzymatic activity of laccase was measured by
colorimetric ABTS assay at specific intervals of time.
Table 5.2
Lifetime (half-life) for test strips stored at 25 °C
BSA Loading in Bottom Layer (mg BSA/g paper)
BSA
Loading
in Top
Layer
(mg
BSA/g
paper)

	
  

0
4
8
16

0
1 ±0.5
20 ±8

4
80 ±15
160 ±42
140 ±51

162

8
110 ±27
180 ±60
100 ±34

16
70 ±14
90 ±20
80 ±20
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5.7 A Potential Modular Approach for Enzyme Interlocking
Finally, to test the potential universal applicability of this approach, we tested
several other catalytic enzymes such as lipase (Lip),102 glucose oxidase (GOx),103 and
horseradish peroxidase (HRP).104 These enzymes have varying molecular weights and
diverse activity mechanisms, different isoelectric points (different net charges at pH 7),
and optimum pH values for activities, known colorimetric activity assays.95,105,106 These
are therefore suitable candidates to test the utility of BSA-Paper as a potential universal
enzyme support.
The specific activities, recyclability, and turnover number (mol product per mol
enzyme) for these enzymes loaded onto BSA-Paper by the two-step-one-pot approach
were also examined to test for the modularity of this approach. Relative percent
activities of both lipase (Lip), and a bi-enzyme glucose oxidase and peroxidase
(GOx/HRP) system were both measured by colorimetric activity assays. It was found
that lipase retains about 90% of its original activity when conjugated in single-layer LipBSA/Paper and 110% activity when in two-layer Lip-BSA/BSA-Paper. The GOx-HRPBSA/BSA-Paper samples retained about 70% of their initial activity when compared to
GOx/HRP/Paper after washing, which only retained about 10% of their initial unwashed
activity. We suspect that because GOx-HRP is a two-enzyme system, it may be more
complex and susceptible to decrease in activity when interlocked with BSA.
Another measure of stability is the maximum number of cycles the EnzymeBSA/BSA-Paper could cycle before inactivation. Thus, recyclability of both interlocked
lipase and GOx-HRP with BSA was measured by solution-phase activity, where the
paper samples were immersed in a solution of substrate and activity was measured for
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repeated cycles with new substrate (Figure 5.13). Lipase showed significantly
enhanced recyclability compared to the enzyme alone. Nearly a 30-fold increase in
recyclability was observed when using the two-layer approach (Lip-BSA/BSA-Paper)
and only a 6-fold increase with the single-layer approach (Lip-BSA/Paper) compared to
Lip/Paper. GOx and HRP showed a 5-fold increase in recyclability when using two-layer
BSA-Paper and a 8-fold increase in recyclability when using the single-layer approach.
GOx and HRP are a bi-enzyme system working in conjunction with one another to
convert substrate to final product, and therefore is a more complex system likely more
susceptible to decreases in stability. Likewise, laccase also exhibited an increase in
recyclability half-life, with about a 20-fold increase in recyclability with both single-layer
Lacc-BSA/Paper and two-layer Lacc-BSA/BSA-Paper. Nonetheless, the interlocking
approach showed significant enhancement of recyclability regardless of layered versus
single-layered approach.
Turnover number was measured by calculating the amount product produced
after each cycle and extrapolating linearly until the enzyme would produce no more
product, dividing mols of product produced by mols of enzyme present in the reaction
(Table 5.3). There was a 3-fold increase in turnover number for Lip-BSA/BSA-Paper
and no significant increase in turnover number for Lip-BSA/Paper. Similar results were
observed with both two-layer and single-layer GOx-HRP and laccase interlocked on
paper. Enhanced turnover number for the two-layer approach is more effective at
stabilizing the enzyme when compared to the single-layer approach, thus supporting the
hypothesis that the BSA is acting as a ‘packing peanut’ allowing the enzyme to turn over
more product before it loses activity.
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Figure 5.13
Recyclability of (A) lipase or (B) GOx-HRP and (C) laccase enzymes interlocked using
single-layer BSA/Paper or two-layer BSA/BSA-Paper. The turnover number was
measured by calculating the amount product produced after each cycle and
extrapolating linearly until the enzyme would produce no more product, dividing mols of
product produced by mols of enzyme present in the reaction.
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Table 5.3
Comparison	
  of	
  laccase,	
  lipase,	
  glucose	
  oxidase	
  and	
  peroxidase	
  by	
  the	
  interlocking	
  network	
  
in	
  paper.
	
  
Relative	
  %	
   Half	
  Life	
   Recyclability	
  
Turnover	
  
Activity	
  
at	
  25	
  °C	
  
Half-‐Life	
  
Number	
  	
  
After	
  
/days	
  
/cycles	
  
/mol	
  product	
  *	
  
Washing	
  
mol	
  enzyme	
  -‐1	
  
Lacc	
  /	
  Paper	
  
10	
  ±1	
  
1	
  ±0.5	
  
1	
  
2x105	
  	
  ±1x104	
  
Lacc-‐BSA	
  /	
  Paper	
  
120	
  ±13	
  
20	
  ±3	
  
18	
  
1.5x106	
  	
  ±1x104	
  
Lacc-‐BSA	
  /	
  BSA	
  Paper	
  
120	
  ±11	
  
320	
  ±86	
  
21	
  
1.4x106	
  	
  ±1x104	
  
Lip	
  /	
  Paper	
  
10	
  
N/D	
  
5	
  ±1	
  
1574	
  
Lip-‐BSA	
  /	
  Paper	
  
90	
  
N/D	
  
30	
  ±17	
  
1640	
  
Lip-‐BSA	
  /	
  BSA	
  Paper	
  
110	
  
N/D	
  
130	
  ±65	
  
4612	
  
GOx-‐HRP	
  /	
  Paper	
  
10	
  ±5	
  
N/D	
  
2	
  ±1	
  
100	
  ±70	
  
GOx-‐HRP-‐BSA	
  /	
  Paper	
  
50	
  ±9	
  
N/D	
  
16	
  ±2	
  
1600	
  ±167	
  
GOX-‐HRP-‐BSA	
  /	
  BSA	
  Paper	
  
70	
  ±7	
  
N/D	
  
11	
  ±2	
  
4600	
  ±140	
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5.8 Concluding Remarks
In conclusion, the two-layer BSA interlocked enzyme network in ordinary paper is
a potentially universal method to stabilize multiple enzymes. This is a major
improvement over conventional methods of enzyme attachment to cellulose or other
solid surfaces, which are mostly specific to particular enzymes and or particular
surfaces. Also, our approach does not require chemical modification of cellulose and
allows of high loadings of the enzyme, up to 16 mg of enzyme per g of paper, because
loading is not restricted to the available surface area of cellulose. The BSA molecules
provide numerous functional groups to attach the catalytic enzyme to the cellulose
substrate while still maintaining the integrity of the paper matrix. The enzymes to be
interlocked could have either positively or negatively charged side chains on their
surfaces so that multi-point attachment on to the BSA-paper can be achieved and the
resulting enzyme stabilized. Not only the interlocked enzyme is protected against
inactivation and it prevents the enzyme from being washed away, isolates the enzyme
molecules from each other and also passivates the underlying cellulose support from
any undesirable influences. At the same time, the entire cellulose-enzyme biomaterial
remains porous so that activity of the enzyme is retained, where the matrix is insoluble
in water and washable, so that the biocatalyst is easily recovered from the reaction
mixture, purified and recycled multiple times. The ease of use, extreme high stability
while retaining high activity is the hallmarks of our approach. The method suggests a
route for the development of novel biocatalysts that are simple, inexpensive,
biodegradable, sustainable, portable, and stable to a wide range of pH and they are
suitable for long-term storage at room temperature without the need for cold storage.
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Chapter 6: Conclusions and Future Outlooks
In this dissertation, we demonstrate a simple, modular approach, where the
covalent conjugation of a water-soluble, multifunctional polymer, PAA, to lysine residues
of a protein such as catalase can be controlled to produce Cat-PAA or Lys-PAA
nanogels with specific properties including high solubility, improved thermal stability,
prevention in subunit dissociation, resistance against proteolytic digestion, and
resistance against inhibition by negatively-charged inhibitors. Carbodiimide catalyzed
amidation occurs randomly between amine and carboxylic groups of the two partners.
Multi-site conjugation along the enzyme surface as well as along the polymer chain is of
significant advantage in improving the overall stability of the conjugate, as discussed
earlier. Furthermore, the synthesis is very simple, scalable and workup of carbodiimidemediated amide formation is very straight-forward compared to other competing click
chemistry based conjugation methods. The PAA shell allows the penetration of small
neutral or positively charged substrates while also inhibiting the penetration of
negatively charged molecules or large proteins or cells.
Cellulose was then chosen as a support for immobilization of other enzymes due
to its tunable hydrophilicity, portability, large surface area and low cost. Paper-based
diagnostics offer a better alternative to microfluidics because they are cheaper and
easier to fabricate, and also easier to use and transport.107 Also, within the pores of
paper the transport of solvents and particles can be controlled in two- or threedimensions. There is not, however, a universal method for attaching enzymes to paper.
Cellulose surface is not very reactive, as it possesses few carboxyl and hydroxyl
groups, thus the surface must be activated prior to bioconjugation.54 We developed an
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alternative to synthetic polymers by using BSA as a natural polymer and passivate
cellulose surface with increasing mole fractions of BSA, and then interlock enzymes
with BSA into cellulose fibers.
BSA has many reactive residues that can be functionalized and tailored to a
specific application; they can also be highly crosslinked to one another or to particular
enzymes. In further developing this interlocking technology, the method can be
extended to other fibrous porous materials such as carbon paper and the conducting
properties of carbon will be useful for biofuel cell applications. The platform comprising
enzyme-polymer or enzyme-protein interlocked within paper with highly stable and
active enzyme will be transformative for use of paper based enzymes in sensing and
catalysis.
The interlocked enzymes will provide inexpensive sensors for diagnostics and
sensing. The enzyme loaded paper discs could be useful as bioreactors for chemical
transformations on a small scale for laboratory applications. Several paper discs with
different enzymes loaded on each paper disc can be layered to produce a multi-enzyme
microreactors for carrying out cascade biocatalysis or multiple chemical reactions in
tandem.
In conclusion, the nanoArmoring of enzymes with PAA, and their interlocking
within the cellulose matrix of ordinary paper is an excellent way of trapping enzymes,
without the need for direct covalent attachment or surface modification. This is the first
example where the physical interlocking of the conjugate in the cellulose allows for a
washable system that remains active even under strong denaturing conditions with
long-term stability and re-usability after washing.
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